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COMPUTER  AIDED  ENGINEERING  OF 
SEMICONDUCTOR  INTEGRATED  CIRCUITS 

Introduction 

Custom  Integrated  Circuits  for  small  volume  production  of  electronic 
equipment  Is  of  primary  value  to  the  military  although  the  Importance  of 
custom  circuitry  Is  growing  rapidly  for  commercial  applications.  The 
Impact  of  the  custom  design  approach  on  electronics  Is  growing  primarily 
because  of  two  factors: 

1)  the  reliability  of  monolithic  systems  compared  with  MSI  circuitry 
Is  well  known, 

2)  the  performance  of  architectures  specialized  to  a  given  application 
can  be  Increased  many  fold  compared  with  general  purpose  electronics. 

The  major  draw-back  of  custom  LSI  Is  that  the  design  cycle  Is  expensive 
and  It  is  difficult  to  Insure  proper  functionality  and  reliability  with 
a  single  pass  design.  Computer-aided  design  Is  now  recognized  as  the 
only  viable  means  to  cope  with  the  growing  complexity  of  custom  LSI. 
Research  efforts  reported  here  focus  on  the  technology  controlled  aspects 
of  VLSI  design.  The  purpose  of  this  report  Is  to  summarize  results  of 
a  vertically  Integrated  program  to  predict  directly  the  performance  and 
reliability  limiting  factors  of  VLSI  devices  directly  from  the  processing 
steps  used  In  the  IC  fabrication  process. 

The  backbone  of  this  effort  Is  a  multldlsclpllne  effort  to  under¬ 
stand  and  model  IC  fabrication  processes  from  first  principles.  The 
first  three  sections  of  this  report  present  results  of  ongoing  research 
to  develop >models  of  the  Ion  Implantation,  oxidation  and  chemical  vapor 
deposition  processes  used  In  silicon  IC  fabrication.  In  each  of  these 
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sections  the  consolidated  efforts  of  many  Individuals  Is  evident. 

Figure  1  shows  schematically  how  measurement  technologies.  Industrial 
collaboration  and  material  science  personnel  Impact  each  subgroup  effort. 
While  the  greatest  number  of  the  research  personnel  come  from  the 
Integrated  Circuits  Laboratory,  the  efforts  In  Ion  Implantation  and 
measurements  technology  are  spearheaded  by  members  of  the  Solid  State 
Laboratory.  As  noted,  the  deepest  roots  of  this  effort  come  from 
material  science  and  the  Impact  of  this  discipline  on  the  modeling  effort 
is  pivotal. 

The  cutting  edge  of  computer-aided  process  and  device  modeling  Is 
the  SUPREM  program  and  Its  continued  evolution  based  on  new  and  Improved 
process  models.  Figure  1  shows  the  confluence  of  the  subgroup  activities 
as  Inputs  to  SUPREM  and  the  output  Is  the  program  distribution  to  more 
than  114  government  agencies,  contractors.  Industrial  groups  and  univer¬ 
sities.  The  wide  distribution  and  use  of  SUPREM  continues  to  provide 
this  effort  with  feedback.  Moreover  a  one-day  seminar  held  annually  at 
Stanford  provides  a  forum  for  review  of  the  overall  program.  Appendix  I 
contains  a  list  of  current  SUPREM  users,  typical  feedback  comments  and 
the  program  for  this  years  review  seminar. 

The  viability  of  process  modeling  for  IC  design  hinges  on  predic¬ 
tion  of  device  performance.  The  final  subsection  of  this  report 
provides  a  comprehensive  review  of  device  modeling  results  based  on 
SUPREM  as  the  cornerstone.  SEml conductor  Device  ANalysIs  both  for  one- 
dimension  (SEDAN)  and  for  Two-dimensional  ANalysIs  (TANDEM)  Is  described. 
Moreover,  the  applications  of  process  and  device  analysis  to  test 
structures  and  circuit  simulator  model  development  are  presented. 
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In  summary,  this  report  provides  a  detailed  development  of  research 


results  In  developing  computer-aids  for  modeling  the  IC  fabrication 
process.  The  effort  Is  vertically  Integrated  as  described  in  Figure  1 
and  the  outcome  Is  the  widely  distributed  SUPREM  program.  Moreover 
device  analysis  capabilities  have  been  developed  based  on  SUPREM  and 
applications  have  been  demonstrated.  The  Impact  of  this  effort  on 
the  design  of  custom  VLSI  Is  apparent  and  future  research  will  explore, 
define  and  model  the  limits  of  technology  for  VLSI. 
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Figure  1  VERTICAL  INTEGRATION  AND  INDUSTRIAL  COUPLING 
OF  RESEARCH  PROGRAM 
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PART  1 


ION  IMPLANTATION 
J.  F.  Gibbons,  L.  A.  Christel 

1.1  IMPLANTATION  OF  IONS  INTO  LAYERED  TARGETS 
The  Boltzmann  Equation 

Semiconductor  device  processing  often  Involves  ion  implantation 
into  multi -layered  substrates.  In  such  cases, it  is  desirable  to  answer 
the  following  questions:  (1)  what  is  the  distribution  of  the  Implanted 
ion  in  the  layered  structure,  (2)  what  are  the  distributions  of  the 
various  atoms  which  are  recoil  implanted  from  one  layer  to  the  next  and 
(3)  what  is  the  effect  of  channeling  on  the  range  distributions? 

The  most  commonly  used  model  for  ion  implantation  is  LSS  [1.1] 
theory.  This  method  works  quite  well  for  semi-infinite  targets  but  is 
not  applicable  to  the  problem  we  are  considering.  To  answer  the  ques¬ 
tions  posed  above  it  is  necessary  to  know  the  momentum  distributions 
of  each  of  the  various  projectiles  (primary  ions  and  recoiled  atoms)  at 
each  depth  2  in  the  target.  The  range  distribution  of  the  primary 
ions  is  then  determined  by  assuming  that  any  ion  with  momentum  smaller 
than  some  value  pQ  1 s  effectively  stopped. 

The  momentum  distribution  of  the  primary  ions  together  with  a 
description  of  the  scattering  process  can  be  used  to  calculate  the  number 
and  momenta  of  recoiled  atoms  which  are  generated  at  each  depth  in  the 
sample.  The  range  distribution  of  the  recoiled  atoms  is  then  determined 
in  the  same  v/ay  as  that  of  the  primary  atoms. 
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It  is  possible  to  calculate  range  profiles  in  amorphous  multi¬ 
layered  structures  by  numerical  integration  of  the  linearized  Boltzmann 
transport  equation.  Consider  a  collection  of  a  large  number  of  identical 
particles  described  by  a  phase  space  distribution  function  F 

F(x,v,t)dxdv  =  dN(x,v,t)  (1.1) 

t 

where  dN  is  the  number  of  particles  in  the  differential  element  dxdv 
about  x  and  v  at  time  t. 

In  the  absence  of  interactions,  conservation  of  the  total  number  of 
particles  implies  that  F  satisfies  a  continuity  equation 

§|  +  V  •  (F5)  =  0  (1.2) 

In  the  phase  space  formulation,  v  and  x  are  independent  variables, 
div  v=0  so  we  have 

||  +  v  •  $  F  =  Q  (1.3) 

Equation  (1.3)  describes  the  collisionless  evolution  of  the  system. 

Nov/  v/e  assume  that  particles  may  be  scattered  from  one  region  of 
phase  space  to  another.  We  assume  that  there  exists  a  constant  density 
of  scattering  centers,  Ne  per  unit  volume  and  that  the  interaction  of 
particles  with  one  such  center  is  described  by  a  differential  scattering 
cross-section. 

number  of  articles  scattered  into 

dv'  about  v  per  unit  time _ 

da(v-^v')  number  of  particles  with  velocity  v  0*4) 
incident  per  unit  time  per  unit  area 
transverse  to  v 
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The  transfer  of  particles  from  one  region  of  phase  space  to  another 
at  a  given  space  point  x  is  then  deduced  as  follows.  In  the  time  inter¬ 
val  dt,  all  particles  with  velocity  v  will  move  a  distance  dx=|v|dt. 

In  the  volume  element  traversed  by  these  particles  are  contained  precisely 
N  dx-M  |v|dt  scattering  centers  per  unit  area  transverse  to  v.  From 
(1.4)  it  follows  that  the  number  of  particles  scattered  out  of  dv  in  the 
time  dt  is  given  by 

AN(dv*-dv‘)  =  dF"(x,v,t)dv  =  F(x,v,t)dvda<'v-*v')Ns|v|dt  (1.5) 

The  change  in  the  distribution  function  due  to  scattering  out  of 
the  element  dv  is  determined  by  Integrating  equation  (1.5)  over  all 
final  velocities  v1  with  the  result 

(it)  =  "s/l^lF^.v.tJdotv-?)  (1.6) 

v' 

Similarly  the  change  in  the  distribution  function  due  to  scattering 
from  all  other  velocities  into  v  is 

(H)  =  Ns  J|v'|F(x,v\t)da(vVv)  (1.7) 

v' 

If  in  addition  we  include  the  possibility  of  n?w  particles  being 
generated  at  a  rate  Q(x),  the  equation  governing  the  distribution  function 
F  at  each  point  in  space  becomes 

|£.  +  V’VF  =»  Q(x)  +  Ng  Jdcr(vVv)F(v’)  |v'| 

v' 

-  da ( v-^v 1 )  f ( v )  l  v* |  (1 .8) 

This  is  the  Boltzmann  equation. 
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Simplification  of  the  Transport  Equation 

In  the  case  we  wish  to  consider,  namely  Implants  into  layered  struc¬ 
tures  which  possess  translational  symmetry  In  the  x-y  plane,  equation 
(1.8)  can  be  simplified.  Vie  define  a  second  distribution  function  f  by 

f(z,p2p^)  3  /F(x,v,t)|v|vI  dxdydt  (1.9) 

where  p  =  mv  and  p^  =  p-(p-z) . 

The  quantity  f(z,p2 ,p^)dzdp2  dp^  is  then  ,he  total  fluence  (time 
integrated  flux)  of  particles  in  the  interval  dzdp2  dp^.  It  follows 
that  the  distribution  function  f  obeys 


/ 


MedLU. 

-  Cos  e- 


f(z,p) 


(1.10) 


-1  P1 

where  we've  let  Q=0,  and  0-  "  tan  p2 

In  the  case  of  heavy  ions  into  lighter  substrates,  the  assumption 


that  the  implanted  ions  travel  in  essentially  the  z  direction  (p^=0) 
allows  a  further  simplification.  This  has  been  done  by  other  authors 
[1.2]  but  we  will  use  equation  (1.10)  as  the  basis  of  our  analysis. 


The  Scattering  Cross  Section 

Before  describing  the  numerical  integration  of  equation  (1.10) 

we  must  examine  the  form  of  the  differential  cross  section  da.  The 

cross  section  can  be  logically  divided  into  two  parts, 

da*  da  +  da_  (1 .11 ) 

n  e 

where  do  is  known  as  the  nuclear  part  and  da  the  electronic  part, 
n  6 

This  separation  stems  from  the  fact  that  to  a  good  approximation  in  the 


7 


energy  range  of  Interest,  there  exist  two  Independent  mechanisms  by 
which  Ions  lose  energy  as  they  travel  through  solids. 


The  first  energy  loss  mechanism  Is  that  of  the  elastic  two  body 
Interaction.  We  assume  that  each  projectile  Interacts  with  only  one  atom 
of  the  substrate  at  a  time,  and  that  such  Interactions  conserve  energy 
and  momentum.  The  assumption  of  two  body  Interactions  Is  justified  by 
the  fact  that  the  electrostatic  potentials  of  both  particles  are  consi¬ 
derably  screened  by  the  presence  of  the  many  electrons  In  the  solid.  We 
thus  expect  the  Interaction  to  be  substantial  only  when  the  two  are  In 
very  close  proximity.  If  there  Is  more  than  one  type  of  atom  <n  the 
substrate,  this  assumption  allows  us  to  simply  sum  the  contributions 
from  each  type.  The  particulars  of  this  Interaction  are  contained  In 
the  nuclear  part  of  the  cross  section  dan>  It  Is  this  part  of  the 
scattering  which  accounts  for  nearly  all  of  the  angular  deflections  of 
the  ions. 

Llndhard  [1.3]  et  al  have  shown  that  the  nuclear  cross  section  for 
the  two  body  Interaction  has  a  universal  form 

dan  (E+E1 )  «  (1.12) 

t 

where 

2/3  2/3  -4 

a  -  0.88538^  +  Z2  ) 


-  -JL  -  0.529  A 


T  «  E-E '  ■  energy  transferred 

M.  ■  Ion  mass 
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Mg  *  target  mass 

Zj  *  Ion  atomic  number 

Zg  *  target  atomic  number 

e  ■  charge  of  the  proton  (e.s.u.) 

Wlnterbon  [1.4],  Sigmund  [1.5]  and  others  have  suggested  an 
analytic  form  for  the  function  f(t*): 


fft*) 


Xt 


h  -m 


[l+(2xt1’m)q]1/q 


4M1*M2 

T  < Tmax=  (M^+Mg)^  E 


0.13) 


where  X,  m,  and  q  are  constants  which  depend  on  the  model  chosen  for 
the  Interatomic  potential.  The  Thomas-Ferml  statistical  model  for 
example  corresponds  to  (X,  m,  q)  *  (1.309,0.333,0.667). 

The  description  of  the  scattering  given  by  equation  (1.12)  Is 
Incomplete  In  that  It  specifies  the  cross  section  only  as  a  function  of 
energy,  not  of  momentum.  This  Inadequacy  Is  remedied  by  again  appealing 
to  the  elastic  two  body  interaction.  For  such  an  Interaction,  conserva¬ 
tion  of  energy  and  momentum  Imply  that  an  Ion  which  has  Initial  energy 
E  and  transfers  energy  T  to  a  target  atom  Is  deflected  by  an  angle  <5 
given  by  [1.6] 


cos  »  (E,T) 


(1.14) 


where  ji  «  Mg/M^ .  Equation  (1.14)  together  with  equation  (1.12)  provides 
a  complete  description  of  the  nuclear  scattering. 

The  second  energy  loss  mechanism  Is  Inelastic  electronic  scattering. 
In  thlscasethe  Ion  loses  energy  In  small  amounts  as  it  creates  Ionization 
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and  other  electronic  excitations  In  the  solid.  Because  the  Interaction 
Is  a  many  body  effect,  the  Ion  Is  not  deflected  substantially  In  direc¬ 
tion.  As  a  result,  these  losses  can  be  taken  Into  account  by  knowing 
only  the  electronic  stopping  power  defined  by 

■  /t  •  dafi(t)  (1.15) 

The  expression 

S  (E)  «  k  •  Ep  (1.16) 

e 

where  k  Is  a  constant  and  p«  0.5  Is  a  good  approximation  at  reasonable 
energies.  The  energy  loss  of  an  Ion  as  It  travels  a  distance  Ax  In  the 
solid  due  to  such  processes  Is  then  simply 

AE  -  NsAx  •  Sfi  (1.17) 

Numerical  Solution 

For  simplicity  In  what  follows,  we  assume  that  at  a  given  depth  z 
the  target  Is  composed  of  a  single  atomic  species.  For  more  complex 
targets,  the  Independent  nature  of  the  Interactions  Involved  allows 
us  to  simply  sum  the  various  contributions.  In  addition,  we  refer 
all  quantities  to  unit  area  of  the  target. 

Because  the  nuclear  scattering  Is  described  In  terms  of  the  varia¬ 
bles  E  and  6  rather  than  P2  and  It  Is  convenient  to  use  a  distribu¬ 
tion  function  which  is  also  a  function  of  these  former  variables 

f  -  f(z,E,e)  (1.18) 

where  again  E  and  0  are  defined  by 

p-^  +  Pi2  •.  p, 

E  -  -=-m — —  ;  6  a  tan  (1.19) 

ZM1  p2 
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The  solution  to  equation  (1.10)  requires  that  we  specify  an  Initial 
condition  on  f.  At  the  surface  (z*0)  the  Ions  which  strike  the  target 
are  assumed  to  be  of  unique  energy  E«EQ  and  trajectory  6*0  so  that  the 
Initial  condition 


f(0,E,6)  »  D6(E-E0)6(6) 


(1.20) 


where  0  Is  the  total  dose  of  Ions  per  unit  area.  Is  satisfied.  Equations 
(1.10)  and  (1.20)  then  constitute  a  well  defined  mathematical  problem. 

There  Is  a  small  discrepancy  between  this  problem  and  the  true 
physical  system.  An  Ion  which  Is  backscattered  at  z*0  is  In  reality 
lost  to  the  vacuum  whereas  In  the  mathematical  formulation  It  has  a 
finite  probability  of  being  forward  scattered  back  Into  the  sample. 

The  error  Introduced  Is  small  because  the  probability  of  wide  angle 
scattering  Is  very  small  and  any  Ion  which  is  scattered  through  a  large 
angle  must  lose  a  large  amount  of  energy.  Hence  such  ions  would  not 
be  expected  to  travel  very  far  from  the  surface  2*0  before  coming  to 
rest.  We  therefore  assume  this  discrepancy  has  a  negligible  effect. 

Accepting  equations  (1.10)  and  (1.20)  as  defining  the  problem 
at  hand,  the  evolution  of  the  momentum  distribution  Is  generated  as 
follows.  First,  the  quantities  E,0,z  and  f  are  discretized.  We  begin 

by  defining  the  energy  array  E^  (1*1, . M+l )  with  E^*0  and 

Similarly  we  define  the  angle  array  6j(j*l,  ...N+l)  with  6^*0  and 

At  a  given  depth  z,  the  system  is  then  characterized  by  a  two 
dimensional  array  f^  (1-1,  ...M;j*l ,...N)  where  fjj(z)  Is  the  number 
of  Ions  at  depth  z  which  have  energies  between  Ej  and  E^  and 
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trajectories  between  8^  and  .  The  Initial  condition  (1.20)  then 
implies  that 

V0)  ■  D5in  sji 

As  one  moves  in  depth  from  z  to  z  +az  the  change  in  the  distribu¬ 
tion  function  is  manifested  In  two  distinct  ways.  First,  particles 
may  be  scattered  from  one  element  of  the  array  to  another  consistent 
with  the  relations  (1.12)  and  (1.14).  These  events  correspond  to 
nuclear  collisions  in  which  the  energy  loss  and  angle  of  deflection  are 
greater  than  the  extent  of  the  particular  element  in  which  the  particle 
initially  resides. 

Secondly,  particles  lose  energy  due  to  small  angle  nuclear  and 
electronic  scattering,  i.e.  they  scatter  from  the  higher  energy  region 

of  a  particular  element  to  the  lower  energy  region  of  the  same 
element.  These  losses  must  be  accounted  for  by  altering  the  energies 
Ej  which  characterize  the  average  energy  associated  with  each  row 
of  the  array.  We  will  consider  these  two  effects  one  at  a  time. 

(1)  Wide  Angle  Nuclear  Scattering 

In  order  to  describe  the  consequences  of  wide' angle  scattering  on 
the  values  of  f^j  it  is  necessary  to  investigate  further  the  implications 
of  the  relation  (1.14).  Equation  (1.14)  states  that  given  an  initial 
energy  E  and  energy  transfer  T,  a  unique  scattering  angle  is  determined. 

$  -  4(E,T)  (1.22) 

In  the  above  formulation,  a  particle  is  characterized  by  the  angle 


y.  which  it  makes  with  the  surface  normal  z •  If  ^e  particle  is 

'i 

scattered  directly  away  from  the  z  direction,  its  final  trajectory 
will  be  tp  *  Yj  +*•  On  the  other  hand  if  it  Is  scattered  directly  to¬ 
ward  thez  direction,  we  have  Yf  a  I  tj  -$l*  These  two  cases  correspond 
to  the  condition  that  the  direction  of  the  particle's  final  momentum 
pf  lies  in  the  plane  determined  by  p^  and  z.  In  general  this  will 
not  be  the  case  and  we  have 


|  Yi  -  *1  5  Yf  <  Yj  +  $  0  .23) 

We  therefore  define  a  function  G  such  that  the  probability  of 
scattering  to  the  interval  about  y  from  the  initial  trajectory 
Y.j  is  given  by 

P(Yj-nrf)  dYf  *  0( y^  »  Yp *$)  dYf  (1.24) 


If  one  assumes  that  the  scattering  is  azimuthally  symmetric  about 
the  initial  direction,  one  can  show  that  the  function  G  is  given  by 


G(Yi»Yf»4) 


Sinr  r  /cost*  -  B*2]"1® 

-r1  L1  -  ( — a — )  J  ,f  v 


satisfies  (1 .23) 


0  otherwise  (1.25) 

where  A=sin(Yj)  sin  ($)  and  B»cos  (Y-j)  cos  («).  G  satisfies  the  norma¬ 
lization  condition-  • 

/g(Y1  ,Yf,<!>)  *  1  (1 .26) 


The  Integral  of  G  Is  expressible  in  terms  of  the  inverse  cosine  function. 

Now  consider  a  transition  from  the  element  (ij)  to  the  element 
(1  *  j  ’ ) .  Since  the  energy  of  a  particle  can  only  decrease,  we 
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consider  only  1*  <  1.  In  practice  the  Initial  energy  and  trajectory 
are  characterized  by  average  values 


E  -  *<£<  ♦  W 

5j  "  ^8j  +  ej+i) 


(1.27) 


The  energy  transfer  lies  In  the  Interval 


E  -  E 


1+1 


=  T 


ml 


<T<T  s  E  - 
max 


(1.28) 


The  scattering  angle  for  the  transition  Is  determined  using  an  average 
value  for  the  energy  transfer 


*  ■  *(E,T) 


(1.29) 


where 

<’-30> 

The  probability  of  a  transition  involving  an  energy  transfer  In 

the  Interval  dT  about  T  Is  proportional  to  da(T).  Using  a  finite  dlf- 

3  f 

ference  approximation  for  ^  ,  the  number  of  particles  which  are 
transferred  from  the  element  (1j)  to  the  element  (1'j1)  due  to  colli¬ 
sions  In  the  Interval  Az  is  given  by 


6(^Tf.*(E.f))dYf  (1.81) 

T  'e 
min  j' 

Repeated  application  of  (1.31)  for  all  1,1',  j,  j'  determines  the 
evolution  of  the  array  ^j(z). 
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f  (z+Az)  -  f  (z)  +  Z  Af_(rj'-1  j)  -  E  Af(IKJ')  (1.32) 

U  r>1  z  1,<1  Z 

j'  j' 

One  special  consideration  must  be  mentioned.  The  above  formulation 
neglects  all  transfers  with  final  trajectories  >  ir/2.  In  practice 
half  of  such  Ions  are  considered  to  have  been  stopped,  the  other  half 
are  transferred  to  the  element  (1.N+1)  where  1  Is  known  from  energy  con¬ 
sideration  as  above. 

(2)  Small  angle  and  electronic  scattering 

For  each  rcw  1  of  the  array,  these  losses  are  calculated  using 

6l  •  (Se(E)  *  Sn(T%))  E  0.33) 

J  J 

where  Sg(E)  Is  given  by  (1.16)  and 

Sn(V  “/Tdo«(T)  V^l.l  -  E1>  <’-34> 

o  • 

The  energy  array  E1  and  elements  are  then  altered  so  that  the  losses 
are  taken  Into  account  but  the  values  of  E^  remain  equally  spaced. 

Profile  Generation 

The  range  distribution  of  an  Implanted  Ion  Is  calculated  by  assuming 
that  any  particle  which  Is  scattered  to  an  energy  less  than  Eg 
stopped.  In  practice,  the  energy  Eg  is  fixed  at  1  Kev.  At  each  step 
of  the  Integration  the  number  of  Ions  stopped  In  the  Interval  A z  Is 
then  simply 

"stopped*1-4  *  J  Vz>  <'-35> 

These  particles  are  removed  from  the  array  (set  to  zero)  and  the  concen¬ 
tration  profile  Is  then  described  by 


15 


C(z) 


0.36) 


_  "stopped*2’2  +*z) 

AZ 

Multi-layer  targets  merely  require  that  at  each  Interface  we  alter 
the  parameters  which  define  the  differential  cross  section.  Integration 
then  continues  just  as  before. 

The  Knock-on  Problem 

At  each  step  In  the  Integration,  two  body  collision  theory  can  again 
be  used  to  determine  the  number,  energies  and  trajectories  of  the  recoiled 
substrate  atoms  which  are  Involved  In  collision  processes.  These  recoiled 
particles  can  be  placeo  In  a  second  array  g^,  and  the  range  distribution 
determined  either  as  above,  or  perhaps  with  a  simpler  one  dimensional 
stopping  theory. 


Channeling 

Because  of  the  presence  of  detailed  information  about  the  trajecto¬ 
ries  of  the  particles  in  the  above  formulation,  it  is  possible  to 
Investigate  the  effects  of  channeling  In  crystalline  materials. 

Imagine  for  example,  that  an  Ion  Is  being  Implanted  Into  a  silicon 
target  which  has  Its  <111 >  axis  misaligned  by  eight  degrees  with  respect 
to  the  beam  direction.  Let  f(E)  be  defined  such  that  Ions  of  energy  E 
which  have  trajectories  within  'f(E)  of  the  <11 1 >  direction  are 
channeled.  The  number  of  Ions  which  enter  the  <111 >  channel  at  depth  z 
with  energies  between  and  can  then  be  approximated  by 


Channeled 


E  f. 

j' 


1j’ 


mi 


(1.37) 


where  the  sum  Includes  those  values  of  j'  such  that 
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8°  -  y(E)  <  6ji<.  8°  +  f(§)  0.38) 

The  factor  ^4^-  *s  necessary  because  only  this  fraction  of  the  total 
azimuthal  angle  lies  within  4<E)  of  the  <111>  direction. 

Thus  the  number  and  energy  of  Ions  satisfying  the  channeling  con¬ 
dition  are  known  at  each  depth  z.  Once  In  the  channel.  Ions  are  assumed 
to  be  described  by  pure  electronic  stopping.  If  the  electronic  stopping 
coefficient  Is  k,  an  ion  of  energy  E  as  a  range 


R 


E 


fJE ‘  -  e1"P  -2^ 
J  kF?  )  K 


0.39) 


o 

Since  the  point  of  origin  and  the  range  of  each  channeled  Ion  Is 
known,  the  effect  of  channeled  Ions  on  the  final  distribution  can  be 
taken  Into  account.  In  addition,  planar  channeling  and  various  dechan¬ 
neling  effects  can  be  Included. 


Conclusions 

A  computer  program  employing  the  above  formulation  has  been  written 
and  debugged.  Preliminary  results  are  encouraging.  In  the  future  we 
plan  to  study  Implants  Into  silicon  targets  coated  with  various  thicknes¬ 
ses  of  silicon  dioxide  and  silicon  nitride  The  distributions  of  recoiled 
nitrogen  and  oxygen  atoms  will  also  be  Investigated.  Finally,  an  attempt 
will  be  made  ta  characterize  the  experimentally  observed  exponential  tails 
which  occur  during  Implants  Into  single  crystal  targets.  Hopefully, 
this  new  method  of  calculation  will  be  a  powerful  addition  to  current 
theoretical  attempts  to  predict  the  range  distributions  which  occur  In 
Ion  Implantation. 
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PART  2 


THERMAL  OXIDATION* 

B.  E.  Deal,  C.  P.  Ho,  H.  Z.  Massoud,  J.  D. 

Plummer,  R.  R.  Razouk,  and  W.  A.  Tiller 

2.1  INTRODUCTION 

Thermally  grown  silicon  dioxide  remains  one  of  the  cornerstones  of 
modern  integrated  circuit  technology.  Si02  is  commonly  used  as  a  mask 
against  dopant  diffusion,  to  passivate  active  device  regions  and  junctions, 
to  insulate  field  regions  and  provide  isolation  between  active  components 
and,  as  the  gate  dielectric,  is  an  actual  component  in  MOS  devices.  As  a 
result,  the  control  and  predictability  of  oxide  growth  and  the  resulting 
electrical  properties  ar^  critical  if  reproducible  device  performance  is 
to  be  achieved. 

Despite  the  fact  that  thermally  grown  Si02  has  been  used  in  the  pro¬ 
duction  of  discrete  devices  and  integrated  circuits  for  almost  twenty 
years,  considerable  gaps  remain  in  our  understanding  of  its  growth  kinet¬ 
ics,  the  charges  associated  particularly  with  the  Si/Si02  interface,  and 
the  interaction  of  oxidation  with  other  important  processes  such  as  dopant 
segregation  and  diffusion.  The  recent  resurgence  of  research  activity  in 
laboratories  throughout  the  country  in  these  areas  is  a  direct  indication 
of  these  gaps  in  our  knowledge. 

Spurring  the  activity  towards  better  understanding  of  Si02  growth 
kinetics  and  oxide  properties  is  the  continuing  decrease  in  active  device 


This  work  represents  a  joint  effort  by  the  Stanford  University  Integrated 
Circuits  Laboratory,  Fairchild  Camera  and  Instrument  Corporation  Research 
and  Development  Laboratory,  the  Stanford  University  Department  of  Materi¬ 
als  Science  and  the  Stanford  University  Solid  State  Laboratory. 
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dimensions  in  integrated  circuits.  Device  dimensions  well  under  5  u  are 
routinely  used  in  production  today;  projections  for  the  next  several  years 
suggest  the  emergence  of  devices  with  active  dimensions  close  to  1  p.  In 
fact,  submicron  device  structures  have  already  been  built  in  a  number  of 
research  laboratories. 

As  device  dimensions  shrink  in  an  effort  to  achieve  higher  perfor¬ 
mance,  the  models  for  oxidation,  diffusion,  and  other  processes,  many  of 
which  were  developed  ten  to  fifteen  years  ago,  become  inadequate.  Inter¬ 
actions  between  oxidation  and  diffusion,  for  example,  which  can  largely 
be  neglected  in  large  geometry  devices  with  relatively  deep  junctions,  can 
no  longer  be  neglected  as  lateral  and  vertical  dimensions  shrink.  Modeling 
of  process  phenomena  can  no  longer  be  considered  one  dimensional.  An  oxi¬ 
dation  on  one  portion  of  an  integrated  circuit  structure  can  significantly 
affect  nearby  diffusions  and  devices. 

If  the  integrated  circuit  industry  is  to  fabricate  VLSI  structures 
with  good  reproducibility  and  hi'.'i  yields,  better  models  for  the  basic 
processes  used  must  be  developed  and  an  understanding  of  the  interaction 
of  various  process  phenomena  must  be  achieved.  Such  are  the  specific  goals 
of  the  work  described  here.  In  summary  form,  the  goals  of  this  program  are 
as  follows: 

1.  To  achieve  accurate  analytic  prediction  of  oxide  thickness  under  all 
process  conditions  encountered  in  modern  technologies.  These  include 
the  effects  of  high  substrate  doping  levels,  arbitrary  silicon  sub¬ 
strate  orientation,  the  presence  of  a  chlorine  species  during  the 
oxidation,  the  use  of  multiple  species  (such  as  Og/^O  mixtures)  dur¬ 
ing  oxidation,  and  ambient  pressures  greater  than  or  less  than  one 
atmosphere. 


20 


k 

ft 


2.  To  achieve  accurate  analytic  prediction  of  oxide  charge  densities, 
also  under  all  process  conditions  important  to  modern  devices.  These 
conditions  include  arbitrary  silicon  substrate  orientation,  ambient 
conditions  during  oxidation,  and  high  and  low  temperature  anneals. 

3.  To  achieve  accurate  analytic  prediction  of  segregation  and  redistri¬ 
bution  effects  at  the  Si -Si Og  interface.  This  includes  accurate  pre¬ 
diction  of  dopant  profiles  in  both  the  SiC^  and  Si. 

4.  To  develop  a  microscopic,  electrically  accurate  model  of  the  Si-SiOg 
interface.  Such  a  model  is  believed  to  be  essential  for  achieving 
physical  understanding  of  oxidation  kinetics,  the  origin  of  oxide 
charges  and  segregation  and  redistribution. 

5.  To  predict  quantitatively  the  effect  of  an  oxidation  process  on  other 
important  process  phenomena  such  as  diffusion  and  the  growth  of  oxi¬ 
dation-induced  stacking  faults.  Point  defects  (vacancies  and  inter¬ 
stitials)  in  the  SiC^  and  Si  layers  appear  to  be  the  basic  physical 
microstructures  which  are  responsible  for,  and  will  enable  quantita¬ 
tive  prediction  of  oxidation  kinetics,  oxide  charges,  enhanced  dopant 
diffusion  during  oxidation,  the  growth  of  oxidation-induced  stacking 
faults  and  other  process  phenomena.  A  "working  model"  we  have  devel¬ 
oped  to  explain  these  processes  will  be  described  later  in  this  re¬ 
port. 

Realization  of  these  goals  will  allow  accurate  prediction  of  oxide 
and  surface  properties  and  the  influence  of  oxidation  on  other  processes 
for  an  arbitrary  device  structure.  This,  in  turn,  will  minimize  costly 
iterative,  empirical  techniques  in  the  development  and  characterization 
of  new  and  improved  technologies. 
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An  illustration  of  the  importance  of  these  goals  is  shown  in  Fig. 

2-1.  The  device  shown  here  is  an  oxide  isolated  NMOS  transistor,  similar 
in  configuration  to  many  devices  currently  in  production.  The  numbers 
indicated  on  the  figure  refer  to  practical,  current  problems  in  oxidation 
kinetics,  SiOg  charge  densities,  and  other  process  phenomena  which  are 
addressed  by  the  above  goals.  Referring  to  the  figure: 

1,5:  Over  the  N+  source  and  drain  diffusions,  enhanced  oxidation  rates 
due  to  high  dopant  concentrations  are  important  as  are  impurity 
redistribution  and  segregation  effects.  In  addition,  the  oxidation 
of  ;uch  heavily  doped  regions  is  well  known  to  affect  such  things 
as  diffusion  coefficients  in  the  underlying  silicon. 

2,3:  In  the  thin  gate  oxide,  the  kinetics  of  multiple  species  oxidations 
(02/H20  for  example)  and  the  use  of  a  Cl  species  may  be  important. 

4:  The  three-dimensional  nature  of  the  device  is  illustrated  in  the 

oxide  isolation  region  where  the  effective  surface  crystal  orienta¬ 
tion  changes  with  position  and  affects  the  oxidation  kinetics  and 
charge  densities. 

5:  Redistribution  and  segregation  are  also  extremely  important  under 

the  thick  field  oxide  where  a  lightly  doped  P-type  layer  is  often 
ion  implanted  to  prevent  surface  inversion.  In  addition,  the  growth 
of  the  thick  field  oxide  over  this  P"  region  is  known  to  enhance 
the  diffusion  coefficient  of  the  P-type  impurity  (boron),  presumably 
through  the  generation  of  point  defects  (interstitials)  during  the 
oxidation  process. 


6:  Fixed  oxide  charges  (Qss)  and  Interface  state  charges  (Ngt)  located 

near  the  SI -SI Og  Interface  affect  device  threshold  voltage,  carrier 
mobilities,  junction  leakage  currents  and  breakdown  voltage,  and 
numerous  other  Important  device  properties.  These  cannot  at  present 
be  predicted  analytically. 

Similar  arguments  could  be  made  with  respect  to  other  technologies 
and  other  devices  currently  being  manufactured.  The  major  point  to  be 
made  here  Is  that  the  goals  presented  above  for  this  program  are  addressed 
to  important  practical  problems.  Understanding  on  a  more  basic  physical 
level  of  oxidation  kinetics,  charges,  redistribution,  and  their  Influence 
on  other  processs  phenomena  will  permit  optimization  of  present  device 
structures  and  will  minimize  the  amount  of  empiricism  needed  to  develop 
new  structures. 

2.2  SUMMARY  OF  PRINCIPAL  ACCOMPLISHMENTS  TO  DATE 

The  thermal  oxidation  work  to  be  described  here  is  the  result  of  an 
extensive  interdisciplinary  effort  including  four  main  groups— the  Stanford 
University  Integrated  Circuits  Laboratory,  Fairchild  Camera  and  Instru¬ 
ment's  Research  and  Development  Laboratory,  the  Department  of  Materials 
Science  at  Stanford,  and  the  Stanford  University  Solid  State  Laboratory. 

At  the  beginning  of  this  program,  understanding  of  silicon  oxidation 
kinetics  was  based  largely  upon  the  general  oxidation  relationship  devel¬ 
oped  in  1965  by  Deal  and  Grove  C2.ll  and  given  by 
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where  XQ  *  oxide  thickness,  t  *  oxidation  time,  and  A,  B,  and  t  are 
constants  which  are  functions  of  oxidation  conditions.  The  parabolic  rate 
constant  B  dominates  the  overall  reaction  at  high  temperatures  and  for 
thick  oxides  and  Includes  such  factors  as  solubility  of  the  oxidant  In  the 
oxide,  oxidant  diffusion  rate  In  the  SiOg.  and  the  partial  pressure  of  the 
oxidant.  The  linear  rate  constant  B/A  dominates  the  reaction  for  low 
temperatures  and  short  times  and  Includes  oxidant  solubility,  partial  pres¬ 
sure,  and  the  reaction  at  the  Si-SiOg  interface.  Such  surface  variables 
as  silicon  orientation  and  dopant  concentration  can  affect  this  surface 
oxidation  reaction  and  hence  B/A. 

The  use  of  this  first-order  kinetic  relationship  allows  prediction 
of  oxide  thickness  given  that  B  and  B/A  may  be  expressed  as  functions 
of  orientation,  doping  level,  ambient  conditions,  and  temperature.  Since 
B  and  B/A  are  based  on  a  model  in  which  oxidant  diffusion  through  an 
existing  oxide  layer  and  $i-Si02  interface  reaction  kinetics,  respectively, 
determine  the  overall  oxidation  rate,  some  understanding  of  the  underlying 
physical  mechanisms  involved  may  also  be  obtained  from  this  model. 

An  even  more  basic  physical  understanding  of  the  mechanisms  involved 
in  thermal  oxidation  will  be  needed,  we  feel,  to  understand  fully  oxidation 
kinetics  and,  in  particular,  to  predict  analytically  oxide  charge  densi¬ 
ties  and  the  influence  of  oxidatlor  on  other  process  phenomena.  A  "working 
model"  based  largely  upon  point  defects  in  the  SiOg  and  Si  layers  will  be 
described  later  in  this  report. 

Many  of  the  important  oxidation  kinetic  processes  and  most  of  the 
charges  associated  with  Si Og  are  determined  by  the  5-40  A  transition  region 
between  Si  and  SiOg.  A  clear  understanding  on  an  atomic  level  of  this 
region  appears  to  be  necessary  for  a  physical  understanding  of  the  kinetic 
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and  charge  density  experimental  data  obtained  here  and  elsewhere. 

Toward  these  ends,  a  large  portion  of  the  initial  effort  in  this 
program  was  aimed  at  gathering  sufficient  kinetic  data  to  make  modeling 
of  the  physical  processes  involved  possible.  More  recently,  with  this 
kinetic  data  as  a  basis,  considerable  effort  has  been  devoted  to  develop¬ 
ing  underlying  physical  models  to  explain  the  data.  The  following  list 
summarizes  our  efforts  in  both  these  areas. 

1.  Complete  characterization  of  (111)  and  (100)  orientation  kinetics 
for  dry  O2  and  wet  O2  between  700°  and  1200°C  has  been  completed. 
These  results  were  described  in  Ref.  [2.2]. 

2.  Complete  experimental  characterization  of  02/HCl  oxidation  kinetics 
for  0-10%  HC1  and  T  =  900-1 100°C  has  been  completed.  These  results 
were  also  described  in  Ref.  [2.2]  and  are  the  subject  of  journal 
publication  [2.3]. 

3.  In  an  effort  to  understand  physically  the  observed  O2/HCI  kinetics, 
oxidations  in  O2/H2O,  02/Cl2,  and  HgO/Clg  mixtures  have  been  investi¬ 
gated.  The  results  were  described  in  Ref.  [2.4]  and  are  the  subject 
of  a  journal  article  [2.5], 

4.  The  kinetics  of  h^O  and  HgO/HCl  mixtures  using  a  pyrogenic  system 

have  been  studied,  and  the  results  were  described  in  last  year's 

« 

annual  report  C2.41  and  in  a  journal  publication  [2.61. 

5.  Complete  experimental  characterization  of  heavily  doped  phosphorus 
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substrate  oxidation  kinetics  for  =  10  to  solid  solubility, 

T  =  800°-1100°C  in  dry  O2  has  been  completed.  Empirical  relation¬ 
ships  for  both  the  linear  and  parabolic  rate  constants  as  a  function 


of  phosphorus  chemical  concentration  have  been  derived.  These  results 
were  described  in  last  year's  annual  report  [2.41  and  are  the  subject 
of  a  journal  article  C2.71. 

6.  A  physical  model  based  entirely  upon  electrical  effects  (higher  equi¬ 
librium  vacancy  concentrations  at  high  doping  levels)  has  been  derived 
to  explain  the  observed  enhanced  oxidation  rate  in  heavily  phosphorus 
doped  substrates.  This  model  explains  our  and  other  experimental  data 
extremely  well  and  allows  prediction  of  oxidation  kinetics  for  B,  As, 
Sb,  and  other  impurity  doped  substrates.  It  was  described  in  detail 
in  last  year’s  annual  report  [2.41  and  is  the  subject  of  two  journal 
articles  to  be  published  later  this  year  in  The  Journal  of  The  Elec¬ 
trochemical  Society  [2.8,2.93.  The  essence  of  this  model  is  reviewed 
later  in  this  report  along  with  results  demonstrating  its  agreement 
with  experiment. 

7.  Within  the  past  year,  significant  results  have  been  achieved  in  ex¬ 
perimentally  correlating  the  two  principal  oxide  charges,  Qss  and 
N$t»  process  conditions.  Initial  results  were  presented  in  last 
;>ar's  annual  report  [2.41  and  are  described  in  detail  in  a  journal 
article  [2.101.  More  recent  results  are  described  later  in  this  re¬ 
port. 

8.  Installation  and  programming  of  a  flexible,  computer  controlled  C-V 
measurement  system  for  characterization  of  oxide  charge  densities  has 
been  completed. 

9.  Implementation  of  computer  prediction  in  the  SUPREM  program  of  first- 
order  oxidation  kinetics  has  been  completed,  including  the  point  de¬ 
fect  (vacancy)  model  for  oxidation  of  heavily  doped  substrates. 
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10.  A  system  for  corona  charging  of  Si  wafers  in  a  high  temperature  oxi¬ 
dizing  environment  has  been  constructed.  It  Is  being  used  in  an  ex¬ 
perimental  investigation  of  the  effects  of  electric  fields  on  oxida¬ 
tion  kinetics. 

11.  Initial  experimental  measurements  on  the  growth  kinetics  and  other 
properties  of  thin  (0-500  A)  oxide  layers  on  silicon  have  been  made 
and  will  be  described  later  in  this  report. 

12.  A  conceptual  framework  relating  oxidation  kinetics  and  other  process 
phenomena  to  basic  physical  mechanisms  has  been  developed.  This 
"working  model"  is  an  attempt  at  providing  a  consistent  understanding 
of  many  interrelated  phenomena.  It  is  described  in  detail  below. 

2.3  A  "WORKING  MODEL"  FOR  THE  GROWTH  OF  SiO,,  LAYERS  ON  SILICON 

As  an  introduction  to  the  remainder  of  this  report  which  describes 
our  work  in  the  last  year,  we  present  here  a  "working  model,"  based  largely 
on  point  defects  (vacancies  and  interstitials)  for  the  growth  of  SiOg  on 
silicon  and  the  relationship  between  oxidation  kinetics  and  oxide  charges. 
We  do  not  claim  that  this  model  is  complete  in  all  aspects  but  it  will  be 
shown  to  be  consistent  with  our  experimental  observations  over  the  past 
several  years,  and  with  the  experimental  results  of  many  other  wor<ers. 

We  present  It  as  an  attempt  at  a  unifying  picture  of  the  physical  basis 
for  oxidation  kinetics,  oxide  charges,  and  the  influence  of  oxidation  on 
other  processes.  A  key  feature  of  this  model  is  that  it  shows  promise  of 
allowing  quantitative  prediction  of  not  only  oxidation  kinetics  but  also 
of  oxide  charge  densities  and  other  phenomena  such  as  enhanced  diffusion 
coefficients  during  oxidation  and  the  growth  rate  of  oxidation  induced 


27 


stacking  faults.  The  model  may  be  viewed  as  an  extension  of  the  basic 
Deal-Grove  model  C2.ll,  with  particular  attention  paid  to  the  reaction  at 
the  Si/Si 02  interface  and  to  the  need  for  "free  volume"  at  this  interface 
in  order  for  the  reaction  to  proceed. 

The  basis  for  the  model  is  shown  in  Fig.  2.2.  We  consider  first  the 
growth  of  relatively  thick  layers  of  Si02  (>500 A)  in  dry  02  and  will  con¬ 
sider  later  the  initial  growth  kinetics  in  dry  02  and  H^O. 

02  from  the  gas  phase  is  incorporated  into  the  sur+..ce  of  the  Si02 
layer  and  is  known  to  diffuse  down  to  the  Si/Si02  interface  where  the  re¬ 
action  converting  silicon  to  Si02  takes  place.  The  work  of  Doremus  [2.111, 
Jorgensen  C2.121,  Rayleigh  C2.131,  and  Collins  and  Nakayama  C2.141  pre¬ 
sented  conflicting  evidence  concerning  the  presence  or  absence  of  an  im¬ 
portant  charged  oxygen  ion  in  the  diffusion  process.  The  work  of  Mills 
and  Kroger  [2.151  clearly  showed  that  a  doubly  negative  oxygen  interstitial 
ion  was  the  dominant  species  in  the  high  temperature  conductivity  of  S i 02 . 
The  first-order  pressure  dependence  of  the  parabolic  rate  constant  B  in 
the  Deal  and  Grove  model  C2.ll  seems  to  indicate  that  the  dominant  diffus¬ 
ing  species  is  molecular  oxygen.  For  the  present,  we  regard  the  question 
of  the  particular  oxygen  species  involved  in  the  diffusion  as  incompletely 
resolved  and,  for  the  purposes  of  this  working  model,  will  consider  02  as 
the  dominant  species  for  thick  oxide  layers.  (The  system  for  high  temper¬ 
ature  corona  charging  of  Si  wafers  during  oxidation  which  we  have  recently 
completed  should  help  to  resolve  this  question.)  In  any  event,  the  model 
described  here  deals  primarily  with  the  interface  reaction. 

At  the  Si/Si02  interface,  dissociation  of  the  02  occurs  as  a  first 
step  it  the  oxidation  reaction.  We  now  address  the  question  of  "free  vol¬ 
ume"  which  is  at  the  heart  of  the  "working  model"  proposed  here. 
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When  silicon  and  an  oxygen  species  react  In  the  Interface  region  to 
form  an  SlOg  molecule,  a  necessary  quantity  of  “free  volume"  must  also  be 
supplied  so  that  the  molecule  can  fit  Into  the  normal  Si 02  network  struc¬ 
ture.  From  density  considerations,  the  average  spacing  between  SI  atoms 
In  S102  is  about  1.3  times  the  average  spacing  between  Si  atoms  in  the  SI 
lattice.  This  would  lead  to  a  70%  strain  in  the  Si 02  If  the  lattice  con¬ 
tinued  in  a  coherent  way  into  the  Si02  film.  '  If  the  interface  moves  into 
the  Si  at  V  cm/sec,  the  oxide  thickens  at  2.25  V  cm/sec,  which  means  that 
the  "free  volume"  must  flow  in  at  a  rate  of  1.25  V  cm/sec  per  square  cen¬ 
timeter  of  interface  area  to  produce  an  unstrained  film.  If  no  "free 
volume"  Is  supplied,  then  the  excess  free  energy  stored  as  strain  In  the 
SI 02  film  Is  sufficient  to  strongly  retard  the  oxidation  reaction  at  nor¬ 
mal  driving  forces. 

A  portion  of  the  required  "free  volume"  for  the  reaction  may  be  sup¬ 
plied  as  shown  in  the  top  reaction  in  Fig.  2.2.  In  general,  we  might  ex¬ 
pect  some  lattice  mismatch  to  occur  at  the  interface,  stored  as  a  cross¬ 
grid  of  dislocation  lines  (dangling  bonds)  and  some  of  the  mismatch  to  be 
stored  as  strain  in  the  Si02  film.  The  grid  of  danyling  bonds  may  be  par¬ 
tially  responsible  for  the  interface  states  Nst  observed  at  the  interface. 
The  strain  energy  builds  up  in  the  film  until  the  stress  is  sufficient  to 
cause  viscous  flow  in  the  oxide  at  some  thickness  X*  so  that  the  SiOg 
material  at  X  >  X*  is  in  the  unstrained  state.  This  yields  a  distributed 
array  of  crossed  dislocation-type  lines,  with  their  associated  dangling 
bonds,  spread  throughout  the  layer  of  thickness  X*  to  satisfy  some  of 
the  mismatch.  This  array  of  dangling  bonds  may  be  partially  responsible 
for  the  fixed  charge  (Qs$)  observed  near  the  interface. 
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Two  alternative  means  of  providing  the  necessary  free  volume  at  the 
interface  are  shown  in  the  middle  and  bottom  of  Fig.  2.2  and  are  based 
upon  point  defects  in  the  SiOg  and  silicon  layers.  In  the  middle  reaction, 
vacancies  (Siy)  from  the  silicon  substrate  provide  the  reaction  sites  or 
the  required  "free  volume."  In  the  bottom  reaction,  silicon  atoms  are  re¬ 
moved  from  lattice  sites  to  create  interstitials  (Sij)  and  the  required 
reaction  sites  for  the  growth  of  the  SiOg-  Note  that  possible  charge  states 
of  the  point  defects  have  been  neglected  in  the  reactions  proposed  here. 

Si  vacancies  are  known  to  exist  in  at  least  three  charge  states,  Siy,  Siy, 
and  Siy,  in  addition  to  neutral  vacancies;  very  little  is  known  at  the 
present  time  about  possible  Si j  charge  states. 

It  is  believed  that  all  three  of  these  mechanisms  play  a  role  in  the 
oxidation  process.  Each  of  them  likely  dominates  under  specific  process 
conditions.  For  example,  the  reaction  involving  Siy  is  believed  to  domi¬ 
nate  in  the  case  of  heavily  doped  N+  substrates  when  the  position  of  the 
Fermi  level  is  near  the  conduction  band  and  the  equilibrium  concentration 
of  vacancies  is  dramatically  increased.  This  mechanism  is  the  basis  for 
our  quantitative  model  explaining  the  enhanced  oxidation  rates  of  N+  sub¬ 
strates  12.41. 

The  bottom  mechanism  in  Fig.  2.2  has  been  postulated  by  Dobson  [2.16, 
2.171  and  the  excess  interstitial  flows  produced  during  thermal  oxidation 
m«;y  be  the  mechanism  of  oxidation  enhanced  dopant  diffusion  effects  [2.16, 
2.17,2.181.  In  addition,  the  interstitials  produced  during  the  reaction 
have  been  linked  to  oxidation-induced  stacking  faults  [2.181.  Finally, 
it  might  be  conjectured  at  this  point  that  some  of  the  excess  interstitials 
move  into  the  Si Og  layer.  Such  a  flow  would  then  very  probably  be  closely 
related  to  the  observed  oxide  charge  Q$$  that  has  been  discussed  as  incom¬ 
pletely  oxidized  silicon  atoms  (2.191. 
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If  we  assume  for  the  moment  the  role  of  point  defects  in  the  oxida¬ 
tion  process,  then  some  interesting  observations  may  be  made  about  the 
origin  of  the  various  oxide  charges  (Q$s  and  N$t).  Consider,  for  example, 
the  well  known  Q$$  triangle  C2.191  shown  in  schematic  form  in  Fig.  2.3. 

If  the  density  of  these  charges  resulting  from  a  particular  oxidation  pro¬ 
cess  is  proportional  to  the  concentration  of  excess  silicon  interstitials 
(Sij)  produced  by  the  oxidation,  then  the  temperature  behavior  of  Q$$  may 
be  rationalized. 

In  the  dry  case,  for  example,  as  temperature  increases,  the  oxida¬ 
tion  rate  increases  and  more  Si j  are  produced  per  unit  time.  However,  the 
equilibrium  concentration  of  vacancies  also  increases  12.201.  The  activa¬ 
tion  energy  associated  with  vacancy  generation  is  believed  to  be  >2  eV, 
whereas  the  activation  energy  of  the  interface  oxidation  reaction  is  well 

known  to  be  quite  close  to  2  eV  C2.ll.  Van  Vechten  and  Thurmond  [2.211 

-2  4/kT 

conclude  from  bulk  quenching  data  that  CSi v 3  a  e  '  ,  while  Seidel 

-3  4/kT 

and  MacRae  C2.221  propose  that  CSiyl  a  e  .  In  either  case,  behavior 

similar  to  that  shown  in  Fig.  2.4  would  be  expected  with  the  concentration 
of  excess  Sij  decreasing  with  temperature.  (Excess  Sij  are  assumed  to  be 
eliminated  by  available  Si v . )  Qs$  would  therefore  be  expected  to  decrease 
with  temperature,  exactly  as  observed,  in  an  oxidizing  environment. 

A  similar  argument  involving  Siy  and  Sij  has  been  proposed  to  account 
for  the  growth  rate  of  oxidation  induced  stacking  faults  [2.231.  An  in¬ 
triguing  relationship  between  Qs$  and  oxidation  induced  stacking  faults 
may  now  be  observed.  In  dry  Og,  it  is  well  known  that  the  temperature  at 
atmospheric  pressure  at  which  retrograde  growth  (shrinkage)  of  oxidation- 
induced  stacking  faults  occurs  is  =«1240oC  [2.231.  This  is  also  the  approx¬ 
imate  temperature  at  which  the  dry  Og  Q$s  curve  in  Fig.  2.3  reaches  its 
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"minimum."  We  hypothesize  that  both  of  these  phenomena  have  the  same 
origin;  at  this  temperature,  the  concentration  of  excess  Si j  drops  to  =*0 
because  sufficient  Siy  are  present  to  eliminate  them. 

In  the  case  of  HgO,  shown  in  Fig.  2.3,  the  interface  reaction  rate 
is  faster  at  all  temperatures  (although  the  interface  reaction  rate  acti¬ 
vation  energy  is  still  “2  eV).  As  a  result,  more  excess  Si j  are  generated 
per  unit  time  at  any  given  temperature,  and  therefore  the  temperature  re¬ 
quired  to  generate  sufficient  Siy  to  bring  the  excess  Si j  concentration 
to  =<0  should  be  higher.  In  the  case  of  oxidation-induced  stacking  faults, 
this  temperature  is  =*1350‘C  12.233.  In  the  case  of  the  Q$s  triangle,  the 
high  temperature  behavior  of  Q$s  in  HgO  is  not  well  known  but  the  point 
of  intersection  of  the  HgO  curve  in  Fig.  2.3  with  the  "minimum"  Q$s  value 
is  certainly  >1300°C  and  may  well  correspond  to  the  1350°C  temperature  for 
retrograde  growth  of  stacking  faults. 

It  is  also  interesting  that  the  H,,0  Qss  curve  in  Fig.  2.3  has  a 
smaller  slope  vs  temperature  than  does  the  dry  0 ^  curve.  This  is  in  spite 
of  the  fact  that  more  Si j  are  generated  per  unit  time  in  the  HgO  case.  One 
might,  therefore,  expect  a  higher  Qss  value  for  HgO  at  all  temperatures; 
this  is  not  observed  as  Fig.  2.3  shows.  The  reason  for  this  is  not  under¬ 
stood  at  present.  Perhaps  the  Hg  released  at  the  Si/Si^  interface  in  the 
case  of  HgO  oxidation  bond!  with  some  of  the  excess  Si j ,  effectively  elim¬ 
inating  some  fraction  of  them  and  therefore  lowering  Q$$. 

One  can  predict  several  other  interesting  features  of  Q$s  behavior 
under  various  process  conditions,  based  upon  this  model.  In  heavily  doped 
N+  silicon  in  which  the  Fermi  level  position  generates  more  Siy  at  any 
given  temperature  12.201,  the  value  of  Qs$  should  be  lower.  (Measurement 
difficulties  make  this  difficult  to  verify.)  At  low  oxygen  or  H^O  partial 
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pressures,  the  oxide  growth  rate  is  slower,  hence  fewer  Si ^  are  generated 
per  unit  time  and  therefore  Qs$  should  be  lower.  A  recent  publication 
confirms  this  prediction  [2.241.  In  fact,  the  inert  gas  curve  in  Fig. 

2.3  might  be  regarded  simply  as  the  limiting  case  for  low  pressure  oxi¬ 
dation.  Annealing  in  an  inert  gas  allows  time  for  the  excess  Sij  concen¬ 
tration  to  drop  to  =0  and  therefore  drops  to  its  "minimum"  value.  (It 
is  well  known  [2.231  that  the  growth  rate  of  oxidation-induced  stacking 
faults  decreases  in  low  partial  pressures  of  or  h^O,  in  agreement  with 
the  model  described  here.) 

Interestingly,  a  further  prediction  of  the  model  is  that  high  pressure 
oxidation  ought  to  generate  more  Si j  per  unit  time  and  therefore  produce 
faster  growth  rates  for  oxidation-induced  stacking  faults  and  higher  Qss> 

We  are  not  aware  of  any  measurements  of  Qss  in  high  pressure  oxidized  sam¬ 
ples;  measurement  of  this  effect  would  be  difficult  because  most  high 
pressure  systems  return  the  samples  to  atmospheric  pressure  (and  therefore 
"anneal"  Qs$)  before  they  are  removed  from  the  furnace. 

One  final  interesting  observation  follows  from  the  discussion  above. 
The  "minimum"  value  of  Qss/q  shown  in  Fig.  2.3  is  generally  shown  as  a 
constant  value,  independent  of  temperature  [2.191.  If  this  minimum  is 
really  a  result  of  the  equilibrium  (not  excess)  concentration  of  Si j ,  then 
it  should  decrease  with  temperature  since  the  generation  of  Si j  is  believed 
to  be  an  activated  process  with  an  Arrhenius  temperature  dependence.  Min¬ 
imum  values  for  Qss/q  have  been  reported  between  ^lO^/cm2  and  2  x  101*/ 

2 

cm  ,  depending  upon  the  silicon  orientation,  he  laboratory  in  which  the 
experiments  are  performed,  etc.  These  values  m?y  represent  nothing  more 
or  less  than  the  residual  contamination  levels  (Na+)  in  the  oxides  or  the 
Q$s  caused  by  trace  amounts  of  or  HjO  in  the  furnace  gases.  In  fact, 
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there  have  been  a  few  reports  C2.253  of  very  low  Q$s/q  values  on  (111) 

10  2 

silicon  {=*10  /cm  )  achieved  by  inert  gas  annealing  under  very  well  con¬ 
trolled  conditions.  It  may  well  be  that  very  low  Q$$  values  can  be 
achieved  by  relatively  low  temperature  inert  gas  anneals;  experiments  of 
this  type  would  be  an  interesting  test  of  the  model  presented  here. 

We  can  also  speculate  about  the  often  observed  enhanced  growth  rates 
for  very  thin  (<200  A)  oxide  layers  in  dry  02-  During  the  initial  stages 
of  the  oxidation,  an  excess  of  Siy  would  be  expected  because  of  the  pres¬ 
ence  of  the  silicon  surface.  These  vacancies  might  well  diffuse  into  the 
Si 0^  layer  where  they  become  oxygen  vacancies  0y.  n  the  Si 02  layer,  thes«. 

vacancies  provide  reaction  sites  for  the  downward  diffusing  0 2>  The  reac¬ 
tion  shown  in  Fig.  2.5  may  therefore  take  place.  (Again,  possible  charge 
states  of  Siy  and  0y  have  been  neglected.)  The  oxygen  molecule  dissoci¬ 
ates,  creating  an  interstitial  (Oj)  and  filling  the  vacancy  (0y).  The 
ionized  oxygen  interstitial  ion  now  diffuses  in  a  coupled  manner  with  the 
positive  holes,  effectively  increasing  the  diffusion  coefficient  of  the 
oxygen  because  of  the  electric  field.  (The  holes  diffuse  more  rapidly 
than  the  Oj  and  "pull"  the  0j  along  behind  them.)  Such  a  mechanism  of 
coupled  diffusion  has  been  proposed  previously  [2.2f>];  here,  we  show  that 
it  is  possibly  consistent  with  the  point  defect  model  of  oxidation.  The 
enhanced  growth  rate  caused  by  this  process  would  be  expected  to  be  effec- 

"i  .  ■ 

tive  over  an  oxide  thickness  roughly  corresponding  to  the  extrinsic  Debye 
length.  Values  of  =150  A  have  been  calculated  for  dry  02  and  =5A  for  wet 
02  [2.261. 

Interestingly,  this  model  would  predict  a  new  "linear-parabolic" 
growth  law  for  thin  oxides  in  dry  02  with  Oj  as  the  diffusing  species. 

This  growth  law  would  asymptotically  join  the  familiar  Deal-Grove  model 
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once  the  above  mechanism  becomes  negligible  (tQX  >  “150  A  in  dry  0g). 

Such  a  linear-parabolic  growth  law  (with  higher  effective  B  and  B/A  rate 

constants  than  are  appropriate  for  thicker  layers)  is  not  inconsistent 

with  some  recently  reported  experimental  data  C2.27D.  In  addition,  this 

0  5 

model  would  predict  a  P  *  pressure  dependence  for  very  thin  oxide  layers 
in  dry  02>  which  gradually  shifts  over  to  the  P*‘®  dependence  of  the  Deal- 
Grove  model  as  the  dominant  diffusing  species  shifts  from  Oj  to  0^.  Pres¬ 
sure  jependencies  between  P^  and  P*'^  have  been  recently  observed  for 
thin  oxide  layers  C2.281  grown  in  dry  Og. 

In  summary,  we  propose  here  a  "working  model"  for  the  thermal  oxida¬ 
tion  of  silicon.  It  may  be  regarded  as  an  extension  of  the  Deal -Grove 
model  with  particular  attention  paid  to  the  reaction  occurring  at  the  Si/ 
Si02  interface.  Heavy  emphasis  is  placed  on  the  role  of  point  defects  in 
the  oxidation  reaction  although  we  also  consider  the  possibility  that  some 
of  the  "free  volume"  required  for  the  interface  reaction  to  occur  may  be 
provided  by  ingrown  strain  in  the  Si layer,  which  may  be  partially  re¬ 
lieved  by  a  network  of  dislocations.  The  attraction  to  this  model  is  pri¬ 
marily  that  it  agrees  with  a  wide  body  of  experimental  results  and  it  may 
allow  quantitative  prediction  of  oxidation  kinetics,  oxide  charge  densi¬ 
ties,  and  other  related  process  phenomena  such  as  enhanced  diffusion  coef¬ 
ficients  during  oxidation  and  the  growth  of  oxidation-induced  stacking 
faults.  We  propose  this  model  as  a  means  of  structuring  and  unifying  our 
research  program.  We  now  turn  to  the  specific  results  achieved  in  the 
program  in  the  past  year. 
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2.4  DETAILED  DISCUSSION  OF  RESULTS 
A.  Physical  Modeling  of  Oxidation  Kinetics 

The  physical  model  shown  in  Fig.  2.2  provides  a  perspective  overview 
of  the  partitioning  of  the  total  driving  force  for  the  oxidation  process 
into  key  parallel  subprocesses  and  delineates  the  boundary  value  problems 
needed  to  quantitatively  connect  these  components.  In  our  earlier  work, 
the  free  volume  supply  condition  required  to  sustain  such  a  transformation 
was  explicitly  given  so  that  attention  was  focussed  on  Frenkel  defect  for¬ 
mation  in  the  substrate  as  well  as  on  viscous  flow  in  the  oxide  C2.29, 
2.301.  An  atomistic  level  model  was  given  for  the  oxidation  process  which 
appeared  consistent  with  much  of  the  earlier  data.  In  addition,  five  pos¬ 
sible  paths  for  influencing  the  rate  and  character  of  the  oxidation  process 
were  described. 

During  the  present  reporting  period,  a  steady-state  analysis  which 
included  electric-field  effects  was  completed  and  this  predicted  orienta¬ 
tion-dependent  linear  and  parabolic  rate  constants.  A  free  energy  budget 
accounting  for  the  system  indicated  that  solely  neutral  oxygen  diffusion 
in  Si O2  cannot  account  for  the  oxidation  reaction.  An  analysis  of  the 
system  strain  energy  associated  with  the  formation  of  a  coherent  Si/SiO^ 
interface  revealed  that  ~2/3  of  the  total  driving  force  for  the  reaction 
would  be  consumed  by  this  energy  storage  mechanism.  Analysis  of  the  sys¬ 
tem  energetics  associated  with  forming  an  Incoherent  Si/SiOg  Interface 
indicates  that  this  is  the  preferred  condition.  The  interface  disregistry 
associated  with  this  system  relaxation  indicates  that  a  pseudodislocation 
network  forms  at  the  Si/SiOg  interface  to  reduce  the  stored  strain  energy 
and  this  network  is  probably  the  origin  of  the  Nst  states  at  the  interface. 
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Movement  of  the  interface  by  continued  oxidation  requires  the  Influx  of 
vacancies  from  the  Si,  free  volume  from  the  S102,  or  interstitial  forma¬ 
tion  at  the  Interface  to  remove  these  extra  half-plane  segments  on  the 
Si-side  of  the  interface.  At  high  temperatures,  the  Si02  flows  readily 
to  relieve  the  stresses  whereas,  at  low  temperatures,  the  interstitial 
formation  and  vacancy  influx  mechanisms  tend  to  dominate.  Overall,  this 
strain  relaxation  process  tends  to  become  the  dominating  feature  control¬ 
ling  the  kinetics  of  oxidation.  Molecular  beam  deposition  of  the  Si  with 
simultaneous  in-situ  oxidation  should  greatly  reduce  this  driving  force 
and  enhance  the  oxidation  rate  at  low  temperatures. 

The  interface  attachment  mechanism  of  the  oxidation  process  was  also 
considered  from  a  simple  point  of  view  and  the  rate  limiting  step  found 
to  be  the  breaking  of  the  Si-Si  bonds  prior  to  an  actual  oxidation  event. 
About  10%  to  25%  of  the  overall  driving  force  is  expected  to  be  consumed 
by  this  process.  It  is  proposed  that  the  driving  force  needed  for  this 
process  can  be  reduced  by  exposure  of  the  oxidizing  interface  to  ultravio¬ 
let  light  or  to  laser  light  because  of  the  increased  populations  of  Si -Si 
broken  bonds  under  these  illumination  conditions. 

By  considering  the  oxidation  of  (100)  silicon  at  low  temperatures, 
it  was  possible  to  show  that  a-cristobalite  should  be  the  preferred  Si02 
form.  However,  because  only  ~2  Kcal/mole  energy  difference  exists  between 
the  different  forms  of  Si02  with  an  overall  driving  force  of  ~150  Kcal/ 
mole,  only  a  thin  layer  is  expected  to  form  before  it  transforms  for  strain 
reasons  to  the  vitreous  form.  The  (100)  a-cristoba ■ . we  phase  matches  the 
(100)  Si  phase  quite  well  if  4  silicon  atoms  per  unit  cell  become  inter¬ 
stitial  atoms  and  diffuse  either  into  the  bulk  Si  or  into  the  bulk  Si02 . 
Those  that  go  into  the  Si02  (the  majority)  oxidize  to  form  interstitial 


Si -0-Si -0  polymer  chains.  These  chains  swell  the  a-cristobalite  lattice, 
causing  it  to  be  under  a  state  of  compressive  stress  and  a  state  of  inho¬ 
mogeneous  distortion  so  that  it  naturally  transforms  to  the  vitreous  state. 
In  addition,  the  chain  ends  are  charged  and  become  the  residual  Q$s  at  the 
end  point  of  the  oxidation  process. 

The  interstitials  that  flow  into  the  silicon  side  of  the  interface 
annihilate  with  the  local  vacancies,  causing  long  range  vacancy  influx 
towards  the  interface.  This  "vacancy  wind"  produces  the  oxidation-enhanced 
diffusion  effects  that  have  been  so  important  in  device  processing  consid¬ 
erations.  The  excess  interstitials  increase  in  concentration  with  time 
and  eventually  exceed  the  supersaturation  needed  for  the  nucleation  of 
interstitial  clusters  which  produces  stacking  fault  formation  in  the  sil¬ 
icon  at  distances  up  to  microns  from  the  Si/Si02  interface.  The  exact 
calculation  of  these  conditions  requires  the  solution  to  the  diffusion 
problem  in  the  presence  of  an  interface  field  which  is  made  up  of  several 
components:  (a)  electrostatic  field  variations,  (b)  dielectric  constant 
variations,  (c)  thermodynamic  activity  coefficient  variations,  (d)  stress 
field  variations,  and  (e)  chemical  bond  type  variations. 

A  method  has  been  devised  for  solving  the  field-dependent  time-depen¬ 
dent  diffusion  equation  subject  to  the  proper  boundary  conditions.  It 
copies  some  of  the  procedures  used  in  nuclear  scattering  theory,  and  it 
provides  us  with  a  set  of  successively  better  approximations  to  the  solu¬ 
tion  in  the  region  close  to  the  interface  and  in  the  region  far  from  the 
interface.  Calculations  are  being  made  for  the  constant  velocity  regime 
of  oxidation  using  an  interface  field  that  decays  exponentially  with  dis¬ 
tance  from  the  interface. 
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In  general,  the  theoretical  work  during  the  past  year  strengthens 
the  model  depicted  in  Fig.  2.2  and  makes  it  apparent  that  all  of  the  mech 
anisms  Indicated  In  the  figure  play  Important  roles  in  the  overall  growth 
process. 


B.  Process  Dependence  of  Oxide  Charges 

Characterization  and  understanding  of  the  process  dependence  of  oxide 
charges,  particularly  interface  states  or  traps,  is  very  important  in  the 
fabrication  of  modern  devices.  The  reductions  in  device  size  brought 
about  by  advancing  technology  have  made  the  control  of  oxide  charges  and 
the  fabrication  of  Si -Si Og  interfaces  with  low  electrical  charge  levels  a 
necessity.  Furthermore,  serious  attempts  at  comprehensive  process  and 
device  modeling  will  have  to  include  the  contributions  of  oxide  charges. 
The  characterization  of  fixed  oxide  charge  levels  and  their  dependence  on 
process  parameters  has  been  underway  for  some  time  [2.31-2.35],  but  a  sys¬ 
tematic  characterization  for  interface  states  has  not  been  carried  out. 

Interface  states  of  various  kinds  are  located  at  the  Si-Sit^  inter¬ 
face  with  energies  in  the  silicon  band  gap.  The  total  charge  due  to  in¬ 
terface  states  at  any  given  instant  depends  on  the  type  of  states  (donor¬ 
like  or  acceptor-like),  their  energy  distribution,  and  the  surface  poten¬ 
tial.  In  the  work  reported  here,  only  intrinsic  interface  states  (i.e., 
those  caused  by  the  silicon  oxidation  process  itself)  are  considered.  In 
previously  reported  work  partly  funded  by  this  contract,  the  effects  of 
oxidation  temperature,  oxidation  ambient,  and  in  situ  anneal  and  cool  am¬ 
bients  were  discussed.  For  oxidation  and  cool  In  dry  C>2»  midgap  Interface 
state  densities  were  found  to  be  dependent  on  oxidation  temperature  In  a 
manner  similar  to  that  reported  by  Deal  [2.31]  for  oxide  fixed  charge. 


This  result  Is  In  agreement  with  the  work  of  Montlllo  and  Balk  [2.33]  and 
Breed  and  Kramer  [2.35],  The  decrease  In  Interface  state  density  with  In¬ 
creasing  temperature  Is  Illustrated  In  Fig.  2.6  for  both  n-  and  p-type 
silicon  of  both  (100)  and  (111)  orientations.  It  should  be  noted  that 
great  care  Is  necessary  to  obtain  these  and  other  results  because  of  the 
sensitivity  of  Interface  state  density  levels  to  trace  amounts  of  hydrogen 
(or  moisture)  in  the  oxidizing  or  anneal  ambients. 

Other  results  from  previous  work  include  the  verification  of  the  ap¬ 
proximate  3:1  ratio  of  interface  state  density  between  (ill)  and  (100) 
silicon,  which  is  also  characteristic  of  oxide  fixed  charge.  Figure  2.7 
shows  the  measurec  values  of  midgap  interface  state  density  for  (111)  vs 
that  for  (100)  for  various  material  and  process  variations,  with  the  solid 
line  showing  an  exact  3:1  ratio.  Although  some  scatter  is  evident  in  the 
data,  the  general  tendency  is  for  an  approximate  3:1  ratio.  Similar  ob¬ 
servations  were  made  by  other  investigators  [2.31,2.35,2.36,2.37],  and  the 
similarity  in  results  between  oxide  fixed  charge  and  interface  state  den¬ 
sities  points  to  a  similar  origin  for  both.  This  origin  is  intrinsic  to 
the  thermally  oxidized  Si -SI 0g  interface. 

The  relationship  between  oxide  fixed  charge  (Qss/q)  an<*  interface 
state  density  at  midgap  (Nst)  is  further  illustrated  in  Fig.  2.8.  The  data 
shown  are  for  oxidation  in  a  dry  0g  ambient  at  temperatures  of  1000°  and 
1200°C.  Variations  in  Q$s/q  values  are  a  result  of  varying  material  pa¬ 
rameters  such  as  (100)  and  (111)  silicon,  and  process  parameters  such  as 
different  oxidation  temperatures  and  cool  conditions.  The  results  indi¬ 
cated  a  correlation  of  Q$s  and  N$t  data  prior  to,  as  well  as,  following  a 
low  temperature  hydrogen  anneal.  The  actual  hydrogen  anneal  parameters 
(temperature,  ambient,  and  time)  are  critical  to  the  determination  of 
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final  device  parameters  and  the  majority  of  fabricated  devices  are  sub¬ 
jected  to  a  low  temperature  hydrogen  anneal  in  the  final  processing  stages. 
Typical  effects  of  variations  In  anneal  parameters  are  Illustrated  In  Fig. 
2.9  where  the  p-type  (100)  wafers  (from  Fig.  2.6)  are  measured  following 
hydrogen  anneal  for  two  different  anneal  conditions.  The  general  tendency 
of  lower  Ngt  values  for  higher  oxidation  temperatures  Is  preserved  with 
the  anneal  at  4508C  clearly  more  efficient  in  the  removal  of  interface 
states. 

A  detailed  study  to  Increase  our  understanding  of  the  hydrogen  anneal 
mechanisms  was  therefore  deemed  necessary  in  order  to  more  fully  charac¬ 
terize  the  interface  state  density  dependence  on  process  parameters.  In 
the  work  reported  here,  the  effects  of  low  temperature  anneal  parameters 
(temperature:  350°  to  500°C,  ambient:  0%  to  100%  hydrogen  in  nitrogen,  and 
time:  5  to  240  min)  were  investigated.  In  addition,  two  different  cooling 
conditions  were  used  to  examine  the  effect  of  high  temperature  processing 
on  the  subsequent  low  temperature  hydrogen  anneal.  N-type  (111)  silicon 
wafers  were  used  in  this  investigation  in  order  to  obtain  N$t  values  suf¬ 
ficiently  above  the  system's  resolution  estimated  at  approximately  10^/ 

2 

cm  -eV  at  midgap. 

Two  major  areas  were  investigated.  One  deals  primarily  with  the  in¬ 
teraction  between  hydrogen  in  the  anneal  ambient  and  the  Si-SiOg  interface 
for  unmetallized  structures.  In  this  case,  hydrogen  In  some  active,  atomic 
form  (originating  from  the  dissociation  of  molecular  hydrogen)  is  thought 
to  be  the  major  factor  In  the  annealing  of  interface  states.  The  effect 
of  process  conditions,-  such  as  temperature,  on  the  amount  of  atomic  hydro¬ 
gen  present  as  well  as  the  reaction  between  hydrogen  and  the  interface 
states  were  investigated.  Another  area  of  Interest  deals  with  annealing 
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in  the  presence  of  an  aluminum  field  plate.  In  this  case,  moisture  at 
the  Al-Si02  interface  is  thought  to  be  the  source  of  the  active  hydrogen 
[2.38]  and  very  effective  annealing  can  be  obtained  even  in  ambients  con¬ 
taining  no  hydrogen. 

B.l  Experimental  Procedure 

N-type  (111)  silicon  wafers,  4  to  6  n-cm  resistivity  were  cleaned 
in  sulfuric  peroxide  or  hot  sulfuric  acid,  aqua  regia,  10:1  water:hydro- 
fluoric  acid,  and  isopropanol  vapor,  with  appropriate  deionized  water 
rinses.  They  were  then  loaded  into  an  oxidation  furnace  in  dry  02  and 
oxidized  for  a  given  time.  Following  oxidation,  the  wafers  were  annealed  ' 
in  situ  in  nitrogen,  subsequently  cooled  in  the  anneal  ambient  (typical 
pull  from  the  furnace  was  about  2  min).  Where  no  anneal  was  required, 
the  wafers  were  pulled  in  the  oxidizing  ambient  (typically  1  to  3  sec). 

Two  major  experiments  were  carried  out  as  follows. 

1.  To  investigate  the  annealing  of  a  bare  Si-Si02  interface  when  exposed 
to  a  hydrogen/nitrogen  ambient,  the  wafers  were  annealed  using  the 
temperature,  ambient,  and  time  of  interest  prior  to  metallization. 
Metal  deposition  of  aluminum  dots  approximately  1  pm  thick  and  750 

pm  in  diameter  was  carried  out  in  vacuum  at  25°C.  To  avoid  radiation 
effects,  a  nonelectron  beam  flash  evaporation  system  was  employed. 

2.  To  investigate  the  annealing  of  an  Si-Si02  interface  covered  by  an 
aluminum  fi el  dpi  ate  either  in  nitrogen  or  in  hydrogen/nitrogen  mix¬ 
tures,  the  wafers  were  metallized  following  oxidation  (also  by  cold 
flash)  and  subsequently  annealed  using  the  desired  anneal  parameters. 
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Values  of  Ngt»  the  Interface  state  density,  were  determined  by  the 
quasistatic  C-V  technique  [2.39,2.40].  This  method  Is  based  on  the  pro¬ 
portionality  that  exists  between  the  incremental  NOS  capacitance  and  the 
charging  current  in  the  structure  when  it  is  subjected  to  a  linear  volt¬ 
age  ramp.  As  a  result  of  this  proportionality,  a  low  frequency  thermal 
equilibrium  MOS  capacitance-voltage  curve  can  be  obtained.  The  quasi  static 
and  high  frequency  curves  are  then  used  to  extract  the  interface  state 
density  distribution  in  the  band  gap.  This  method  is  valid  in  the  inter¬ 
val  of  the  forbidden  gap  extending  from  the  Inversion  threshold  to  a  po¬ 
sition  about  200  mV  from  the  majority  carrier  band  edge.  The  relationship 
between  the  silicon  surface  potential  and  the  applied  voltage  is  obtained 
by  the  integration  of  the  quasi  static  C-V  curve  as  proposed  by  Berglund 

[2.41].  The  accuracy  of  the  quasistatic  method  is  estimated  to  be  1010/ 

2 

cm  -eV  at  midgap. 

Measurements  of  interface  state  density  are  reported  either  in  terms 
of  midgap  N$t  values  or  by  showing  the  entire  interface  state  density  dis¬ 
tribution.  Midgap  values  will  be  used  primarily  when  they  are  indicative 
of  the  major  trends  related  to  process  variations. 

B .2  Results  and  Oiscussion 

The  results  presented  here  will  be  divided  in  two  sections,  one  deal¬ 
ing  with  premetallization  low  temperature  hydrogen  anneals  (bare  oxide  an¬ 
neals)  and  the  other  dealing  with  postmetallization  hydrogen  anneals.  In 
each  case,  typical  interface  state  density  curves  will  be  presented  and 
their  dependence  on  anneal  temperature,  ambient,  and  time  will  be  dis¬ 
cussed. 
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(a)  Premetallization  Anneals 

The  importance  of  studying  the  annealing  behavior  of  bare  oxides  Is 
that  it  allows  one  to  examine  the  behavior  of  the  Si-Si Og  interface  with¬ 
out  the  added  complexity  of  the  presence  of  a  second  metal-Si02  or  poly- 
Si02  interface.  Results  obtained  in  this  investigation  will  hopefully 
yield  increased  understanding  of  the  hydrogen  annealing  of  poly-Si  field 
plates  which  are  quite  prevalent  in  modern  devices. 

Figure  2.10  shows  typical  interface  state  density  energy  distribu¬ 
tions  obtained  from  wafers  oxidized  in  dry  02,  cooled  in  the  oxidizing 
ambient,  and  subsequently  annealed  for  10  min  (a)  at  various  temperatures 
in  a  100%  hydrogen  ambient,  (b)  at  400°C,  in  ambients  containing  various 
percentages  of  hydrogen  in  nitrogen.  The  experiments  that  were  carried 
out  included  four  temperatures  (350°,  400°,  450°,  and  500°C)  and  five 
different  anneal  ambients  at  each  temperature  (0%,  10%,  25%,  50%,  and 
100%  hydrogen  in  nitrogen).  The  major  conclusions  are  summarized  below. 

1.  An  optimum  temperature  of  450°C  is  observed  for  all  hydrogen  concen¬ 
trations  in  nitrogen  larger  or  equal  to  10%  for  a  10  min  anneal. 

2.  The  most  efficient  annealing  is  observed  for  100%  hydrogen  anneal 
ambients  at  all  temperatures  examined. 

3.  The  annealing  of  interface  states  above  midgap  proceeds  at  a  much 
faster  rate  than  that  for  states  below  midgap.  A  peak  of  interface 
states  is  observed  at  approximately  0.2  eV  below  midgap  which  an¬ 
neals  rather  slowly  with  increasing  hydrogen  concentration  in  the 
anneal  ambient,  and  which  reaches  a  minimum  at  450°C. 


4.  At  an  anneal  temperature  of  500°C,  a  reinducement  of  interface 

states  can  be  observed  particularly  below  midgap. 

The  data  showing  a  best  anneal  temperature  of  450°C  are  in  agreement 
with  previous  work  published  by  Castro  and  Deal  [2.42]  in  which  surface 
recombination  velocity  was  determined  using  gate  controlled  diodes.  The 
fast  annealing  of  interface  states  above  midgap  may  be  due  to  the  nature 
of  the  states  (donor-like  or  acceptor-like)  present.  It  was  previously 
observed  [2.10]  that  interface  states  in  wafers  cooled  rapidly  (0^  FP)  in 
the  oxidizing  ambient  in  an  open  tube  are  predominantly  donor-like  and 
show  a  peak  of  states  located  below  midgap,  while  wafers  cooled  in  nitro¬ 
gen  indicated  the  presence  of  both  donor-  and  acceptor-like  states.  The 
rapid  anneal  of  acceptor-like  states  above  midgap  in  the  presence  of  a 
small  amount  of  hydrogen  may  explain  these  observations.  In  the  case  of 
cooling  procedures  during  which  the  wafers  are  in  contact  with  moisture, 
a  rapid  anneal  of  acceptor-like  states  above  midgap  occurs  and  the  pres¬ 
ence  of  predominately  donor-like  states  below  midgap  is  observed. 

The  mechanism  proposed  for  interface  state  annealing  in  hydrogen  at 
low  temperature  is  illustrated  in  Fig.  2.11  and  for  bare  oxides  is  char¬ 
acterized  by  the  two  reactions: 


kl 

H2  t  2(H- )  -  (2.2) 

and 

I  k2  I 

H-  +  -Si  i  -SiH  (2.3) 


The  first  reaction  most  likely  goes  to  the  right  with  increasing 
temperature,  while  reaction  (2.3) goes  to  the  left  at  temperatures  above 
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450°C.  This  would  explain  the  "reinducement"  of  interface  states  observed 
by  heating  previously  annealed  samples  at  500°C  in  nitrogen  [2.43,2.44] 
as  well  as  the  reinducement  observed  when  heating  in  vacuum  [2.33].  An 
increase  in  interface  state  density  was  also  noted  during  this  investiga¬ 
tion  when  annealing  in  a  100%  hydrogen  ambient. 

The  effect  of  anneal  time  can  be  summarized  as  follows: 

1.  For  anneals  in  a  100%  hydrogen  ambient,  interface  state  density  lev¬ 
els  were  observed  to  decrease  with  increasing  time  at  lower  tempera¬ 
tures  (300°  or  350°C)  and  for  times  exceeding  4  hours. 

2.  For  samples  annealed  in  hydrogen/nitrogen  mixtures,  increasing  time 
did  not  lead  to  a  reduction  in  interface  states. 

( b )  Postmetall ization  Anneals 

This  investigation  deals  with  the  characteristics  of  postmetalliza¬ 
tion  anneals.  In  these  experiments,  the  wafers  were  annealed  following 
cold  flash  aluminum  deposition.  Typical  interface  state  density  energy 
distributions  are  flat  in  the  band  gap  portion  where  the  measurement  is 
valid,  except  for  some  wafers  receiving  a  less  than  optimum  anneal  where 
a  small  peak  below  midgap  is  still  observed. 

Figure  2.12  shows  the  values  of  interface  state  density  at  midgap 
for  various  low  temperature  hydrogen  anneal  parameters.  The  data  are  for 
n-type  (111)  wafers,  4  to  6  n-cm  resistivity,  oxidized  in  dry  02  at  1000°C 
and  cooled  in  the  oxidizing  ambient  (02  FP) .  The  optimum  anneal  tempera¬ 
ture  is  clearly  400°C  for  any  percentage  of  hydrogen  in  nitrogen  as  well 
as  strictly  nitrogen  anneal  ambients.  Similar  results  have  been  reported 

previously  [2.42].  No  basic  differences  were  observed  between  02  cooled 
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and  N2  annealed/cooled  wafers  although  a  lower  level  of  Interface  states 
was  obtained  from  N2  annealed/cooled  samples.  These  results  have  also 
been  observed  previously  [2.10]. 

The  mechanism  for  Interface  state  annealing  In  this  case  Is  quite 
similar  to  that  described  for  premetallizatlon  anneal  except  for  the 
source  of  the  active  hydrogen  which  Is  postulated  to  come  from  the  Inter¬ 
action  between  the  aluminum  field  plates  and  moisture  in  the  following 
manner: 

k3 

2A1  +  3H20  j  A1203  +  6H-  (2.4) 

The  atomic  hydrogen  generated  contributes  to  the  annealing  of  inter¬ 
face  states  as  described  by  reaction  (2.3).  The  optimum  temperature  where 
both  reactions  (2.3) and  (2.4) are  favorable  to  the  annealing  of  interface 
states  seems  to  be  400°C.  From  data  obtained  from  premetallization  an¬ 
neals,  reaction  (2. 3)was  observed  to  be  clearly  unfavorable  at  temperatures 
exceeding  450°C  while,  at  low  temperature,  the  reaction  rate  k3  may  be 
too  low.  Long  anneal  times  carried  out  at  400°  to  500°C  do  not  show  a 
reduction  but  rather  a  slight  increase  of  interface  states  for  ambients 
containing  hydrogen  in  nitrogen,  particularly  at  higher  temperatures 
(500°C) . 

B.3  Summary 

The  dependence  of  Interface  state  densities  on  low  temperature  hy¬ 
drogen  anneal  parameters  has  been  investigated.  The  results  indicate  that 
the  best  annealing  condition  for  premetallization  anneal  is  at  450°C  and 
in  a  100%  hydrogen  ambient.  In  the  case  of  postmetallization  anneals. 
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the  best  parameters  are  10  to  15  min,  10  to  25%  hydrogen  in  nitrogen  at 
400*0. 

C.  Experimental  Evaluation  of  the  Optical  and  Structural  Properties 

of  Ultrathin  Layers  of  SiOo  on  Silicon 

The  structural  properties  of  silicon  dioxide  films  thermally  grown 
on  single  crystal  silicon  substrates  have  been  the  subject  of  many  inves¬ 
tigations  C2. 45-2. 513.  Atalla  et  al  studied  SiOg  films  grown  at  1000°C 
in  dry  and  wet  oxygen  using  electron  diffraction  [2.451.  No  crystalline 
structure  was  observed,  and  they  assumed  an  essentially  continuous  and 
amorphous  film.  Edagawa  et  al  studied  films  grown  on  (lll)-oriented 
silicon  over  the  temperature  range  of  1000°  to  1300°C  in  various  oxidiz¬ 
ing  gases  such  as  saturated  water  vapor,  wet  oxygen,  wet  nitrogen,  dry 
oxygen,  and  wet  hydrogen,  using  the  electron  diffraction  method  [2.461. 
They  also  studied  SiO^  films  formed  by  thermal  decomposition  of  ethyltri- 
ethoxysilane.  Diffuse  halo  patterns  were  observed  by  the  transmission 
electron  diffraction,  indicating  that  the  oxide  films  consisted  of  small 
crystallites  of  a-cristobal ite.  They  also  observed  that  the  crystalline 
state  of  the  oxide  is  unaffected  by  the  oxidizing  ambient  and  that  the 
grain  size  depends  on  the  temperature,  increasing  with  annealing. 

Knopp  and  Stickler  studied  thermal  oxide  films  grown  on  (lll)-orien- 
ted  silicon  by  wet  or  wet-dry  oxidation  processes  using  x-ray,  trans¬ 
mission  and  reflection  electron  diffraction  [2.471.  Uniform  amorphous 
oxide  films  were  obtained  by  oxidation  in  open-tube  systems  at  tempera¬ 
tures  between  990°  and  1200°C.  A  phosphorus-glass  deposition  treatment 
at  temperatures  below  1150°C  did  not  affect  the  amorphous  state  of  the 
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oxide.  Heat  treatments  of  the  phosphorus-deposited  oxide  film  at  tem¬ 
peratures  above  1200°C  resulted  In  nucleation  and  growth  of  crystallized 
islands  in  the  amorphous  film.  These  islands  consisted  mainly  of  a  mix¬ 
ture  of  high  (P)  and  low  (a)  temperature  cristobal ite  and  their  sizes 
varied  with  heat  treatment  conditions.  Uniform  crystalline  films  were 
obtained  in  sealed  quartz  ampoules  containing  oxygen  at  1235°C.  These 
films  consisted  of  a-cristobal ite. 

Sugano  et  al  studied  thermally  grown  silicon  dioxide  films  on  sili¬ 
con  using  electron  diffraction  and  examined  the  effect  of  impurities 
intentionally  added  during  oxidation  C2.481.  They  found  that  among  the 
undoped-SiOg  samples,  oxides  grown  in  wet  oxygen  tended  to  crystallize 
more  than  in  dry  oxygen.  This  led  to  the  assumption  that  some  hydrogen- 
associated  species  play  a  significant  role  in  the  crystallization.  This 
was  confirmed  by  the  structural  analysis  of  hydrogen-annealed  samples. 
Impurity-related  crystallization  showed  boron  enhancing  it,  phosphorus 
and  antimony  suppressing  it,  and  gallium  having  no  apparent  effect.  The 
crystallization  of  SiOg  observed  was  localized. 

Nagasima  analyzed  Si02  films  grown  at  1100°C  in  dry  02  or  wet  02  at 
1100°C  by  electron  diffraction  and  infrared  adsorption  [2.491.  Applying 
the  Bragg  particle  size  equation,  he  found  that  the  average  a-cristoba- 
lite  microcrystal  dimension  (as  proposed  by  Edagawa  et  al)  was  comparable 
to  the  size  of  the  unit  cell  of  a-crystobal ite.  Such  particles  can 
hardly  be  called  crystals.  He  concluded, from  the  above  consideration 
and  the  infrared  adsorption  spectra,  that  che  thermal  oxide  films  on 
silicon  have  short  range  order  similar  to  that  of  fused  silica  in  which 
the  SiO^  tetrahedra  are  three-dimensional ly  joined  with  each  other  lack¬ 
ing  long  range  order. 


Alessandrini  and  Campbell  found  that  the  transformation  from  the 
amorphous  to  a  crystalline  phase  was  dependent  on  the  catalytic  behavior 
of  phosphorus  £2.503. 

In  the  nre.ent  work,  x-ray  diffraction  and  transmission  electron 
diffraction  were  used  to  study  ultrathin  layers  of  Si02  (<100  A)  ther¬ 
mally  grown  on  (100)  orientation  single  crystal  silicon.  Results  indi¬ 
cate,  under  some  oxidation  conditions,  a  30-40  A  crystalline  layer  of 
a -cristobal ite  at  the  Si-Si02  interface.  The  remainder  of  the  Si02  film 
is  assumed  to  be  amorphous.  The  transmission  electron  diffraction 
samples  were  prepared  for  measurement  and  characterized  by  Dr.  Tom  Magee 
of  Advanced  Research  and  Applications  Corp.  partially  under  support  from 
Stanford.  His  cooperation  and  substantial  help  with  these  measurements 
is  gratefully  acknowledged.  The  remainder  of  the  measurements  were  per¬ 
formed  at  Stanford. 

C.l  Sample  Preparation 

Si02  was  thermally  grown  at  temperatures  ranging  from  700°  to  1100°C 
in  dry  oxygen  in  a  resistance-heated  furnace.  The  single  silicon  sub-  ■ 
strate  was  Czochral ski -grown,  (100) -oriented,  phosphorus  doped  in  the 
5-10  nm  range.  Immediately  prior  to  the  oxidation,  the  wafers  were 
cleaned  using  the  following  procedure:  heat  in  H2^2:H2S®4  -  DI  rinse  - 
heat  in  5:1:1  HgOiHgOg’.NH^OH  -  01  rinse  -  heat  in  5:1:1  H20:H202:HC1  - 
DI  rinse  -  dip  in  50:1  HgO.’HF  -  thorough  DI  rinse  -  blow  dry  using  nitro¬ 
gen.  The  samples  used  in  transmission  electron  diffraction  study  were 
cut  into  pellets  2.5  mm  x  2.5  mm  prior  to  the  cleaning  which  included  an 
additional  careful  degreasing  step  using  ultrasonic  agitation. 
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After  oxidation,  the  samples  used  In  the  transmission  electron 
diffraction  study  were  then  mounted  on  a  glass  slide  with  paraffin  and 
subjected  to  conventional  jet  thinning  from  the  back  surface.  An  NHO^rHF 
(5:1)  solution  was  used  for  thinning  at  a  normal  flow  rate  of  ~6  ml/mln. 
Under  these  conditions,  a  depth  removal  rate  of  “75  ^m/mln  is  attained, 
producing  a  bowl -shaped  depression  at  the  back-surface  and  a  thin  elec¬ 
tron  transparent  area  In  the  central  region  of  the  front  surface.  How¬ 
ever,  In  the  present  experiments,  afte»  thinning  for  approximately  3  min 
at  6  ml/min,  the  solution  flow  rate  was  reduced  to  3  ml/min  for  more 
adequate  control  during  the  final  stags s  of  etching.  The  slide  was  per¬ 
iodically  removed  during  this  stage  of  jet  thinning  and  examined  in  an 
optical  microscope.  When  the  silicon  attained  a  thickness  of  several 
thousand  Angstroms,  interference  colors  from  the  Sii^/Si  layer  were  ob¬ 
served.  Thinning  was  terminated  when  the  yellow-green  color  from  the  Si 
layer  (<1000  a)  disappeared,  leaving  only  the  thin  SiOg  film  at  the  sur¬ 
face.  Under  these  conditions.  Si Og  films  of  50  to  100  A  thickness  were 
obtained  suspended  across  a  central  hole  of  50  to  100  um  diameter.  The 
specimens  were  then  removed  from  the  slide  by  immersing  in  a  warm  benzene 
solution  followed  by  a  01  water  rinse.  A  series  of  benzene/DI  water 

rinses  were  used  to  remove  any  contamination  from  the  SiOg  film  and  the 

★ 

samples  subsequently  blow-dried  for  examination  in  the  TEM. 


★ 

The  procedures  described  in  this  and  the  following  several  paragraphs 
were  carried  out  by  Dr.  Tom  Magee  of  Advanced  Research  and  Applications 
Corp.  C 2 . 51 3 . 
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C.2  Transmission  Electron  Diffraction  Stud. 


(a)  Measurement  of  Plane  Spacinqs  and  Calibration  Procedures 

To  obtain  information  on  the  structure  of  "d"  spacings  in  a  diff¬ 
raction  pattern,  it  is  essential  to  use  a  standard  or  reference  sample 
for  calibration.  If  a  material  such  as  Au,  either  in  the  form  of  thin 
films  or  microcrystals,  is  used,  the  radii,  R  (mm),  of  polycrystal 1 ine 
rings  or  single  crystal  spots  can  be  converted  to  d-values  (in  A)  using 
the  relation: 

d  =  ^  (2.5) 

where  L  (mm)  is  the  object  to  focal  plane  distance  and  A  is  the  elec 
tron  wavelength  in  A.  The  quantity,  LA  (mm-A),  is  called  the  camera 
constant  and  is  used  routinely  in  diffraction  pattern  measurements. 

Since  the  d-spacingS  of  Au  are  very  well  known,  measurements  of  R  and 
d  give  an  accurate  value  for  the  camera  constant  which  is  thus  experi¬ 
mentally  determined  for  a  fixed  lens  setting  and  electron  accelerating 
voltage. 

In  these  experiments,  it  was  desirable  to  obtain  a  vey  accurate 
calibration  of  the  camera  constant  since  extremely  thin  SiOg  layers  of 
unknown  phase  on  bulk  Si  were  to  be  identified.  Consequently,  thin 
(=*100  A  thick)  gold  microcrystals  deposited  from  solution  on  top  of  the 
SlOg  layer  were  used  for  TED  measurements.  The  Au  microcrystals  were 
prepared  by  a  chemical  reduction  of  chlorauric  acid  with  salicylic  acid. 
The  crystals  were  grown  at  room  temperature  by  adding  4  ml  of  0.1%  sali¬ 
cylic  acid  to  98  mis  of  chlorauric  acid  so  that  the  final  solution  con¬ 
tained  a  0.5  millimole  concentration  of  Au.  After  100  hours  of  growth, 
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the  microcrystals  were  “100  A  thick  and  *1.2  nm  across.  The  crystals 
were  transferred  in  solution  to  the  surface  of  the  S102  film  on  the  pre¬ 
pared  TEM  sample.  After  drying,  diffraction  patterns  were  obtained  from 
the  Au  microcrystallites  and  the  camera  constant  determined  from  measure¬ 
ments  of  the  spot  distances  using  the  previous  equation. 

(b)  Radioisotopic  Image  Enhancement  and  Diffraction  Analysis 

In  an  extremely  thin  layer  containing  more  than  one  phase,  the  dif¬ 
fraction  intensities  from  the  constituent  containing  the  smaller  number 
of  crystallites  are  generally  low  and  experimental  resolution  Is  often 
obscured  or  absent  in  routine  analysis  procedures.  In  the  current  appli¬ 
cation  where  the  SiOg  layer  is  largely  amorphous,  the  presence  of  a  thin 
crystalline  layer  at  the  $i02/Si  interface  is  not  readily  detected  in 
normal  exposures  on  a  photographic  plate  because  of  the  dominant  broad 
amorphous  rings  that  mask  any  weak  lines  from  a  crystalline  phase.  Under¬ 
exposing  diffraction  plates  will  reduce  the  background  intensity  from 
amorphous  rings  or  "halos",  but  will  simultaneously  reduce  the  intensity 
of  weak  lines  from  the  crystalline  material,  thereby  eliminating  practi¬ 
cal  detection  or  identification  by  conventional  film  development  proce¬ 
dures. 

To  retrieve  diffraction  data  from  crystalline  Si02  layers,  a  radio¬ 
isotope  image  enhancement  technique  developed  from  a  modified  procedure 
of  Thackray  for  photographic  film  intensification  was  used  [2.52,  2.531. 
This  technique  has  been  previously  used  to  identify  gold-sil icide  reac¬ 
tant  layers  at  the  Au/SI  interface  and  in  later  studies  of  reactions  in 

9 

the  Au/GaAs  system  [2.54,  2.551.  Briefly,  the  technique  involves  exposing 
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a  diffraction  plate  in  a  solution  containing  a  radioisotope.  The  radio¬ 
isotope  attaches  to  exposed  silver  grains  of  the  film  and  becomes  a  spa¬ 
tially  defined  radioactive  source.  The  film  is  then  used  to  produce  an 
autoradiograph  of  the  toned  film. 

In  this  application,  the  sulphur-35  Isotope  (Eg*  0.167  MeV, 
t  1/2  *  87  days)  was  used.  The  radioactive  sulphur  was  mixed  in  a  1:3 
ratio  with  anhydrous  potassium  carbonate  and  subsequently  heated  to 
280 °C  in  a  paraffin  bath  under  a  stream  of  nitrogen.  After  cooling,  the 
residue  was  taken  up  in  a  2%  solution  of  KgCOj  an<*  stored  under  nitrogen 
for  use  as  the  stock  solution.  Approximately  1  pCi  of  the  sulphur-35 
was  used  for  each  square  centimeter  of  film  to  be  intensified.  For  ton¬ 
ing  of  diffraction  plates,  the  solution  was  stirred  in  contact  with  the 
film  for  periods  of  3  to  9  days.  After  removal  from  the  toning  solution, 
the  film  was  washed  with  2%  K^COj,  followed  by  exposure  to  an  inactive 
polysulphide  solution  and  a  subsequent  rinse  in  a  2%  K2C03  solution. 

The  film  was  washed  in  running  water  and  dried  in  the  final  steps. 

To  produce  autoradiographs,  the  toned  film  was  placed  in  direct 
contact  with  an  unexposed  electron  image  plate  or  film  and  sealed  in  a 
lead-lined  light-tight  box  for  periods  of  3  to  24  hours,  depending  upon 
the  level  of  intensification  required.  The  exposed  plate  was  removed 
and  developed  by  conventional  procedures  and  the  autoradiograph  care¬ 
fully  washed  to  remove  any  residual  gelatin  or  adhering  radioactive 
material  possibly  transferred  from  the  toned  plate  during  exposure. 

From  the  autoradiographs  an  intensification  factor  of  xlO  -  xl2  relative 
to  conventionally  processed  plates  was  obtained,  and  diffraction  lines 
not  observed  on  normal  plates  are  readily  detected. 
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(c)  Electron  Diffraction  Results 

Examination  of  SIO2  films  of  50  A  and  100  A  thickness  with  the  TEM 
showed  the  surfaces  to  be  free  of  contamination,  cracks,  or  other  defects. 
In  all  cases,  we  observe  a  relatively  structure-free  surface  and  an  ab¬ 
sence  of  preferential  growth  or  nucleatlon  zones  typically  noted  at  de¬ 
fect  sites  within  the  substrate  at  the  oxide/semiconductor  interface. 

Figure  2.13  shows  representative  bright-field  transmission  electron 
micrographs  of  a  50  A  oxide  layer  grown  at  800°C.  The  low  magnification 
micrograph  in  Fig.  2.13a  shows  the  morphology  of  the  thinned  sample  and 
the  suspended  SiOg  film  across  the  hole  produced  by  the  jet  thinning 
process.  Figure  2.13b  is  a  high  magnification  bright-field  micrograph 
obtained  at  the  center  of  the  region  in  Fig.  2.13a  showing  the  absence 
of  structure  and  macroscopic  growth  defects  within  the  film.  Shown  in 
the  inset  is  a  selected  area  transmission  electron  diffraction  pattern 
obtained  from  the  50  A  layer.  The  plate  was  slightly  underexposed  to 
show  the  position  of  crystalline  spots  and  arcs  (arrowed)  relative  to 
the  amorphous  diffraction  rings  produced  by  the  matrix.  As  can  be  ob¬ 
served,  diffraction  lines  are  typically  weak  and  largely  obscured  in 
conventional  analyses,  making  possible  identification  of  crystalline 
phases  extremely  difficult  in  thin  Si02  layers. 

Table  1  lists  representative  data  obtained  from  a  number  of  Si02 
films  of  varying  thickness,  tQX,  prepared  at  growth  temperatures, 

T  ,  of  700#C  and  800#C.  For  reference,  we  also  list  d-values  for 
a-crlstoballte  (ASTM-11-695)  and  corresponding  (hkl)  indices.  Measure¬ 
ments  obtained  from  plates  processed  by  conventional  techniques  yield 
d-values  consistent  with  the  tetragonal  a-cristobal ite  phase.  In  many 
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cases,  however,  the  strongest  reflection  (101)  Is  obscured  by  the  cen¬ 
tral  spot  and  the  scattered  background  Intensity  of  the  amorphous  matrix. 
Using  plates  that  were  deliberately  underexposed  to  reduce  the  background 
fog  level,  radioisotopic  Image  enhancement  techniques  were  applied  and 
autoradiographs  obtained.  From  the  intensified  plates,  we  were  able  to 
clearly  identify  the  three  major  lines  of  a-cristobalite.  In  over  100 
diffraction  patterns  examined,  we  found  only  tetragonal  a-cristobalite 
and  were  unable  to  detect  any  evidence  of  the  cubic  (a-cristobalite) 
form  or  other  phases  of  SlOg.  Additional  TED  analyses  obtained  in  the 
near  surface  region  of  the  substrate  (after  stripping  the  SiOg  layers) 
also  showed  no  evidence  of  polycrystallinity  of  the  Si  or  prominent  al¬ 
teration  in  the  single  crystal  structure. 


C.3  X-Ray  Diffraction  Study 
(a)  Experimental  Procedure 

Single  crystal  silicon  wafers  were  oxidized  as  described  previously. 
X-ray  diffraction  spectra  were  obtained  using  a  Norelco  diffractometer 
equipped  with  a  CuKa  x-ray  source  tMKcij)  *  1,54051  A].  The  intensity 
of  the  diffracted  beam  is  measured  directly  (by  means  of  counting  the 
number  of  current  pulses  caused  by  the  ionization  due  to  a  single  x-ray 
quantum)  and  is  recorded  as  the  angle  20  is  swept  from  ~20*  to  -'100*. 
The  sample  and  detector  supports  are  mechanically  coupled  so  that  a  rota¬ 
tion  of  the  counter  through  2S  degrees  is  automatically  accomplished  by 
rotation  of  the  wafer  by  s  degrees.  This  ensures  that  the  angles  of 
incidence  and  reflection  will  be  equal  at  all  times  and  equal  to  half  the 


total  angle  of  diffraction.  This  arrangement  preserves  the  focusing 
conditions  of  the  reflected  beam  at  the  detector. 

Transmission  electron  diffraction  (TED)  and  x-ray  diffraction  (XRD) 
are  complementary  techniques  in  that  TED  is  sensitive  to  all  planes 
except  those  parallel  to  the  silicon  substrate  and  XRD,  in  the  diffrac¬ 
tometer  described  above,  is  only  sensitive  to  those  planes  parallel  to 
the  silicon  substrate. 

(b)  Diffraction  by  Very  Small  Crystals 

Consider  a  crystal  consisting  of  N  lattice  planes  of  spacing  d, 
such  that  its  thickness  is  L  [2.561.  If  A  is  the  amplitude  diffrac¬ 
ted  by  a  single  lattice  plane,  then  the  reflected  ray  has  an  amplitude 
NA  if  the  incident  ray  of  wavelength  ?x  is  incident  at  the  Bragg  angle 
of  incidence  eQ  (such  that  A  *  2d  sin  0Q).  For  angles  of  incidence 

0  differing  from  eQ  by  a  small  angle  e,  it  can  be  shown  that  the 

spectrum  of  the  resulting  reflections  is  given  by  [2.56]. 

sin  (2rND€  cos  eoA) 

A  sin  (2jtde  cos  QQ/^T~  (2.6) 

The  integral  line  width  A(20)  is  defined  as  the  width  of  a  line 

of  rectangular  profile  which  would  have  the  same  maximum  and  integral 

values  of  the  observed  line.  Using  the  Scherrer  formula,  we  get 

A(29)  '  L  co^s  00  (2-7) 

This  equation  can  be  applied  to  crystals  of  approximately  10  to  1000  A 
in  size  [2.561. 
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(c)  Diffraction  Results 


Figures  2.14  and  2.15  show  typical  x-ray  spectra  obtained  on  (100) 
and  (lll)-orlented  silicon  substrates,  respectively.  The  spectra  were 
Independent  of  the  temperature  at  which  the  oxide  was  grown  (In  the  700° 
to  1000#C  range).  For  the  (100) -oriented  substrate,  the  (004)  reflection 
of  SI  appears  at  69.2°,  and  a  X/2  reflection  of  the  same  spacing  occurs 
at  32.95"  superimposed  on  a  broad  low-intensity  peak  at  33.8®.  Tungsten 
peaks  at  66.4°  and  65.8®  were  also  observed,  and  they  resulted  from  tung¬ 
sten  related  lines  f'n  the  CuKa  radiation. 

The  ratio  of  the  Intensity  of  the  broad  peak  at  33.8®  to  that  of  the 
silicon  (004)  peak  at  69.2®  Is  approximately  1:105,  and  Its  &(2 e)  line 
width  corresponds  to  a  minimum  thickness  of  30  A. 

The  intensity  of  the  x-ray  is  known  to  obey  a  simple  exponential 
relation 


I  -  I0e-"x 
„  j  e-(n/P)px 


(2.8) 


where  (p/p)  is  the  mass  absorption  coefficient.  For  CuKa  radiation 


and 


(£)  *  60.6  cm2/g  (2.9) 

XP/S1' 


(£)  -  43.22  cm2/g  (2.10) 

yp/sio2 


The  corresponding  characteristic  attenuation  length  Is  70.82  and  101.9 
urn  In  SI  and  S102,  respectively.  Assuming  no  practical  attenuation  In 


~100  A  of  SiOg  and  approximately  5  to  10  crystalline  layers  of  Si02»  the 
ratio  of  Si02  to  Si  signals  is  approximately  1:10®  (as  observed). 

It  was  noticed  that  changing  the  orientation  of  the  oxidized  sili¬ 
con  w?fer  In  Its  plane  affected  both  the  Si  peak  at  69.2°  and  the  weak 
broad  peak  at  33.8®.  For  some  orientations,  the  33.8°  peak  disappeared 
and  the  Si  signal  was  correspondingly  at  its  minimum  value.  A  spectrum 
identical  to  that  of  Fig.  2.14  was  obtained  on  the  same  sample  immediately 
after  etching  the  Si02  layer  using  50:1  H20:HF  solution  and  rinsing  in  DI 
H20.  The  time  required  to  obtain  the  x-ray  spectrum  was  sufficient  to 
grow  a  native  oxide  at  room  temperature.  The  33.8°  peak  corresponds  to 
a  "d"  spacing  of  2.6496  A.  The  (200)  peak  for  Si  is  a  forbidden  reflec¬ 
tion  with  a  spacing  of  2.714  A,  but  the  slight  misorlentation  of  the 
silicon  substrate  from  (100)  must  be  taken  into  consideration.  This 
small  misorientation  of  the  (100)  orientation  is  responsible  for  the 
variation  of  the  Si  signal  as  the  wafer  is  rotated  in  its  plane.  By 
changing  the  lower  level  and  window  width  settings  on  the  diffractometer, 
it  was  possible  to  eliminate  the  33.8°  peak  completely  without  altering 
the  intensity  of  the  silicon  signal  substantially. 

As  suggested  from  the  TED  study,  a  layer  of  a-cristobalite  exists 
at  the  interface.  The  only  a-cristobalite  plane  arrangement  that  can  be 
detected  by  the  x-ray  diffractometer  corresponds  to  the  (004)  plane.  The 
spacing  between  (004)  planes  is  1.73  A  in  the  a-cristobalite  form  of  Si02 
and  that  corresponds  to  a  peak  at  52.9°.  Such  a  peak  was  never  observed 
In  the  x-ray  study  done  here.  As  a  result,  we  were  unable  to  confirm  the 
presence  of  the  a-cristobalite  crystalline  layer  with  the  TED  measure¬ 
ments.  This  may  be  simply  a  result  of  the  difficulty  of  the  experimental 
technique. 
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C.4  Elllpsometry  Study 


Ellipsometric  measurements  (a,*)  were  made  on  (100)  and  (111)- 
oriented  silicon  substrates  which  had  been  oxidized  In  a  dry  oxygen  am¬ 
bient  at  900°C.  The  optical  properties  of  thin  layers  of  S102  set  a 
limit  on  the  validity  of  the  use  of  ellipsometry  in  determining  such 
constants.  It  has  been  regularly  assumed  that  the  optical  properties 
of  ultrathin  layers  remain  unchanged  from  those  of  much  thicker  oxides 
[2.57].  Index  of  refraction  values  )  of  1.45  to  1.47  have  been 

routinely  used  In  calculating  oxide  thicknesses  using  elllpsometry. 

However,  If  the  obtained  ellipsometric  parameters  A  and  t  are  used 

*  .  * 

to  find  both  the  Index  of  refraction  (n<...Q  )  and  the  thickness  (XQX) 

of  such  layers,  the  results  obtained  in  Fig.  2.16  are  found. 

It  Is  noted  that  the  Index  of  refraction  is  enhanced  over  its  thick 

oxide  value,  and  the  enhancement  Increases  as  the  thickness  decreases. 

*  * 

Correspondingly,  the  thickness  (XQX)  obtained  by  using  n^g  Instead 

of  1.46  Is  monotonlcally  lower  than  that  obtained  using  1.46.  The  dlf- 
* 

ference  between  X„„  and  increases  as  the  thickness  decreases. 

For  all  practical  purposes.  It  Is  observed  that  for  oxide  thicknesses 
greater  than  ~500  A,  the  optical  properties  assume  the  thick  oxide  value 
of  1.46.  It  should  be  noticed  that  the  above  mentioned  results  were 
based  on  the  assumption  that  there  is  no  appreciable  absorption  in  thin 
layers  of  S102  (l.e.,  K^g  was  assumed  to  be  zero).  The  above  results 
could  be  Interpreted  as  the  presence  of  optical  layers  at  the  SI -SI 
Interface  whose  optical  properties  are  dlstlngulshly  different  from  thick 
layers  of  SI - 
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As  an  example,  the  following  simulation  was  carried  out  using 
McCraken's  NBS  ellipsometry  program  [2.58].  Assume  a  layer  with  A  = 
121.366  and  Y  =  14.131.  A  search  of  both  nj^g  and  X^g  results 
in 


ox 


200  A 


nS102  =  '-8 


If  ns10  =  1.457  were  used  as  an  index  of  refraction,  the  thickness 

2  o  v 

obtained  would  have  been  240.9  A.  These ^overall  A  and  Y  were  used 
in  modeling  this  layer  with  a  two  layer  oxide  of  different  optical  prop¬ 
erties  as  shown  in  fig.  2.17. 

The  result  for  n2  to  match  both  A  and  t  is  approximately  2.75. 

* 

Therefore,  we  can  model  the  observed  results  on  nsiQ  by  the  presence 
of  an  optical  layer  at  the  interface.  It  is  interesting  to  note  that  the 
index  of  refraction  of  a-quartz  is  2.4  at  the  energy  of  the  He-Ne  laser 
used  in  the  ellipsometry  measurements.  Similar  results  were  recently 
reported  by  Taft  and  Cordes  [2.59].  They  found  that  the  thickness  of 
this  optical  layer  depended  on  the  temperature  at  which  the  oxide  was 
grown . 

Ellipsometry  was  repeated  after  successive  etching  of  layers  of  Si02 
using  a  dilute  solution  of  50:1  H20:HF  for  20  sec  each  on  (100)  silicon 
wafers  oxidized  at  700°C  for  9  and  18  hours.  In  calculating  the  oxide 
thickness,  the  optical  properties  of  thick  oxides  were  used  (n  *  1.457). 
It  was  expected  that,  with  successive  etching,  the  error  caused  by  using 
1.457  in  the  ellipsometry  calculations  would  increase  monotomically. 
However,  the  trend  in  the  error  reversed  as  the  thickness  decreased 
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below  30  to  40  A.  These  results  are  in  accord  with  the  thickness  evalu¬ 
ation  by  using  the  chemically  shifted  Auger  spectra  [2.60].  This  study 
showed  a  thickness  constantly  thinner  than  that  obtained  by  ellipsometry 
assuming  the  optical  properties  of  thick  SI 02  layers. 

It  has  also  been  shown  [2.61]  that  the  refractive  index  of  S10x 
layers  measured  at  0.8  eV  photon  energy  range  from  3.3  to  2.3  as  x 
changes  from  0.1  to  1.2.  According  to  these  results,  this  optical  inter¬ 
face  layer  should  therefore  be  a  layer  of  SiOg  5.  These  results  should 
be  carefully  interpreted,  however,  because  they  are  based,  at  present, 
on  a  small  sample  of  measurements. 

C.5  Conclusions 

The  atomic  structure  and  the  optical  properties  of  the  Si -Si 02  in¬ 
terface  were  studied  by  transmission  electron  microscopy,  x-ray  diffrac¬ 
tion,  and  incremental  ellipsometry.  TED  showed  that  the  interface  is 
crystallized  in  an  a-cristobalite  structure  on  the  oxide  side  of  the 
interface.  X-ray  diffraction  results  were  inconclusive  in  determining 
whether  the  interface  has  long  or  only  short  range  atomic  ordering.  In¬ 
cremental  ellipsometry  showed  that  the  interface  has  an  optical  layer  of 

O 

5  to  10  A  thickness  with  a  large  index  of  refraction  compared  to  that  of 
thick  Si layers.  The  possibility  of  having  any  crystallization  at  the 
interface  was  tested  by  trying  to  deposit  an  epitaxial  layer  on  top  of  a 
possibly  crystalline  oxide;  the  result  was  however  negative. 

The  above  studies  were  done  in  order  to  evaluate  the  physical  prop¬ 
erties  of  thin  layers  of  Si 02 *  These  ultrathin  layers  exhibit  high  growth 


rates  (predominantly  logarithmic),  enhanced  optical  properties,  and  an 
electric  breakdown  field  higher  than  that  of  thicker  layers  of  silicon 
dioxide  [2.62],  These  studies  were  essential  before  a  systematic  evalu¬ 
ation  of  growth  kinetics  (ellipsometry  thickness  evaluation)  and  charge 
characterization  (using  CV  techniques)  could  be  attempted. 

It  has  been  shown  [2.63]  that  point  defects  in  the  oxide  layers 
(namely  oxygen  vacancies  and  silicon  interstitials)  play  an  important 
role  in  the  initial  fast  oxidation  regime  at  low  partial  pressures.  We 
expect  these  defects  to  play  important  roles  also  in  our  investigation 
of  the  oxide  charges  associated  with  thin  Si02  layers. 

D.  Physical  Modeling  of  the  Enhanced  Oxidation  of  Heavily  Doped 

Silicon  and  Its  Implications 

Enhanced  thermal  oxidation  of  heavily  doped  silicon  [2.64]  remains 
a  phenomenon  commonly  encountered  in  integrated  circuit  processing  and, 
therefore,  continues  to  be  of  importance  and  interest  in  process  techno¬ 
logies.  A  physical  model  has  been  developed  [2.65,2.8,2.9]  to  explain 
the  increase  of  the  linear  rate  constant  B/A  (directly  proportional  to 
the  Si/Si02  interface  oxidation  reaction  rate  constant  kg)  of  the  Deal 
and  Grove  oxidation  model  [2.1]  resulting  from  high  dopant  leveli  The 
model  enables  calculation  of  the  effective  B/A  under  a„wide  variety  of 
oxidation  conditions. 

In  this  report,  the  model  is  first  reviewed  and  then  quantitative 
predictions  of  the  model  are  compared  to  experimental  data.  The  effects 
of  the  oxidation  ambient,  silicon  substrate  orientation,  specific  donor 
and  acceptor  impurities,  and  compensating  dopants  are  tasted.  The 
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physical  significance  of  the  model  and  possible  implications  for  oxide- 
related  and  other  process  phenomena  are  examined. 


D.l  Summary  of  Model 

It  has  been  suggested  [2.4]  that  the  interface  reaction  rate  con¬ 
stant  ks  and  therefore  the  linear  rate  constant  B/A  commonly  used 
to  describe  silicon,  oxidation  kinetics  [2.1]  could  include  several 
"additive"  components.  These  components  result  from  different  contri¬ 
butions  of  the  silicon  substrate  to  the  Si/SiOg  interface  oxidation 
reaction;  a  silicon  vacancy  contribution  was  postulated  to  be  one  such 
term.  The  electrical  effects  of  high  dopant  levels  enhance  the  vacancy 
contribution  to  increase  B/A.  The  effective  linear  rate  constant  may 
be  expressed  as  the  product  of  the  intrinsic  (B/A)1  for  lightly  doped 
silicon  and  a  vacancy-dependent  multiplicative  factor. 


(B/A)  «  (B/A) 


1  + 


/K  \  ri  +2.0/kTfVT  A 

Wv  -  Vj 


{ ■  f  V 


where  normalized  quantities  nay  be  defined. 


( 8/A)/ ( B/A) 1  =  (B/A)' 

K/C-j  ■  K' 

Cw  /cj  *  C' 

VT  VT  VT 

and  other  quantities  are  defined  as  in  [2.4].  The  vacancy-related  factor 
is  calculated  directly  from  vacancy  statistics,  using  published  physical 
parameter  values,  except  for  the  single  unknown  K'Cy^-  This  unknown  was 

determined  empirically  (see  Case  A  below)  [2.4]  to  be, 
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(2.12) 


2.62  x  103 


e-3.10/kT 


Analysis  In  [2.4]  suggested  that  the  vacancy  contribution  (designa¬ 
ted  k..  In  [2.4])  Is  negligible  for  low  substrate  doping  less  than  the 
Intrinsic  carrier  concentration  at  oxidation  temperatures  (e.g.,  n^  *» 

10  cm"  at  1100°C);  other  components  (designated  R-|  In  [2.4])  of 
the  linear  rate  constant  dominate  to  produce  (B/A)*  for  lightly  doped 
silicon.  In  addition,  the  modeling  In  [2.8]  Indicated  that  the  (B/A) ' 
resulting  from  high  dopant  levels  Is  likely  independent  of  the  oxidation 
ambient  (Og  or  HjO).  The  Impact  of  substrate  orientation  Is  uncertain. 
Heavy  donor  doping  should  substantially  increase  B/A  throughout  the 
oxidation  temperature  range;  however,  high  acceptor  levels  should  raise 
B/A  only  at  higher  temperatures.  The  validity  and  effectiveness  of  Eqs. 
(2.11 )  and  (2.12)  In  calculating  B/A  under  a  variety  of  oxidation  condi¬ 
tions  will  now  be  tested. 


D.2  Comparison  With  Experiment 

(a)  Case  A;  Phosphorus  (Donor)  Doping,  (111)  Orientation,  0,,  Ambient 

An  extensive  set  of  experimental  data  was  described  In  [2.7]  for  the 
thermal  oxidation  of  heavily  phosphorus-doped  (111)  silicon  In  a  dry 
ambient  In  the  temperature  range  of  800°  to  1100°C.  A  substantial  en¬ 
hancement  of  effective  B/A  was  observed  although  with  lltt.e  change  In 
the  apparent  activation  energy.  This  case  became  the  first  comprehensive 
test  for  the  vacancy-contribution  model  Introduced  In  [2.4]. 

The  experimental  (B/A)'  values  were  matched  to  the  corresponding 
effective  n  >  values  listed  in  Table  1  of  [2.4].  The  model,  as 
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expressed  In  Eq.  (2.11 ),  wasthen  fitted  to  the  experimental  (B/A)'  val¬ 
ues  to  obtain  the  effective  K'c\  In  Eq.  (2.12). 

VT 

With  this  one  fitted  parameter,  the  (B/A)'  dependence  on  heavy 
phosphorus-doping  levels  through  n  >  n^  could  be  calculated.  Compari¬ 
sons  of  these  calculated  (B/A)1  curves  to  experimental  (B/A)'  data 
points  as  functions  of  n  are  plotted  In  Fig.  2.18  at  oxidation  temper¬ 
atures  of  800®  to  1100°C,  respectively;  agreement  Is  observed  to  be  good. 
More  detailed  discussion  of  these  experimental  results  Is  contained  in 
[2.4]. 

(b)  Case  B;  Phosphorus  (Donor)  Doping,  (100)  Orientation,  Op  Ambient 

Possible  Influences  of  substrate  orientation  on  the  Interface-oxida¬ 
tion  effects  may  not  be  obvious  and  should  be  verified  empirically.  Lim¬ 
ited  data  are  available  [2.66]  for  the  oxidation  of  phosphorus-doped 
(100)  silicon  In  dry  02  at  780°  to  1150°C.  These  data  are  restricted  to 
a  doping  level  measured  at  0.0009  fl-cm  which  corrects  [2.67]  to  a  carrier 
concentration  of  n  «  7  x  10  cm  .  Although  limited  to  one  doping  lev¬ 
el,  comparison  of  these  data  to  Case  A  should  Indicate  orientation  effects. 

Figure  2.19  replots  the  (100)  B/A  values  [2.66]  for  lightly  and 
heavily  doped  silicon  vs  1/T.  The  lowest  temperature  data,  at  780°C, 
presented  In  [2.66]  have  not  been  Included  because  of  apparent  deviation 
of  the  lightly  doped  (B/A)*  at  that  temperature  from  Arrhenius  behavior. 
Other  reports  [2.68,2.69]  have  Indicated  that  Arrhenius  behavior  extends 
at  least  to  7008C.  This  discrepancy  Is  not  understood  at  present. 

The  (100)  data  may  be  compared  qualitatively  to  the  corresponding 
(111)  data  of  Case  A  (see  Fig.  2.13  of  [2.4]).  The  enhancement  of  B/A 
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through  heavy  phosphorus  doping  with  little  change  of  apparent  activation 
energy  can  be  seen  to  be  similar  for  both  orientations.  Direct  quantita¬ 
tive  comparison  must  take  Into  account  the  orientation  dependence  of 
(B/A)*  In  lightly  doped  substrates  [2.68-2.70] 


(B/Al'dll)  _  7 

(B/A)1 (100)  C1(100)e“Z-0/kT 


(2.13) 


where  Arrhenius  behavior  has  been  assumed  for  (B/A)*,  with  pre-exponen¬ 
tial  Cj  and  activation  energy  of  2.0  eV.  Comparison  of  the  normalized 
(B/A)'  should  indicate  any  orientation  dependence  In  the  vacancy-depen¬ 
dent  multiplicative  factor  InEq.  (2.11),  or  specifically  In  the  K/C1  ra¬ 
tio.  If  the  vacancy  contribution  contains  the  same  orientation  dependence 
as  the  other  additive  components  of  B/A,  then  the  K/C1  ratio  and  the 
vacancy  factor  should  be  identical  for  (100)  and  (111)  silicon  at  all 
doping  levels. 

Figure  2.20  compares  the  (B/A)'  values  for  the  two  orientations. 

The  (100)  results  of  [2.66]  for  lightly  doped  SI  and  the  single  heavy 

phosphorus  doping  level  are  plotted  as  normalized  (B/A)'  data  points 

vs  1/T.  Considerable  scatter  in  the  data  Is  present  (apparent  al so  In 

Fig.  2.19).  Also  plotted  is  the  (B/A)'  vs  1/T  curve  calculated  for 

that  heavy  doping  level,  using  the  K'cl  In  Eq. (2.12)  as  determined 

VT 

from  the  (111)  results  of  Case  A.  The  agreement  between  the  (100)  points 
and  the  (111)  calculated  curve  Is  not  unreasonable;  the  (100)  points  may 
be  slightly  lower  than  the  (111)  curve.  The  K/C.J  ratio  and  the  vacancy 
factor  InEq.  (2.11),  or  the  enhancement  by  heavy  phosphorus  doping  of  the 
linear  rate  constant  relative  to  the  lightly  doped  slllcc.  value,  are  at 
least  comparable  for  (111)  and  (100)  orientations. 
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(c)  Case  C:  Arsenic  (Donor)  Doping,  (111)  Orientation,  frUO  Ambient 

Since  the  postulated  dependence  of  B/A  on  heavy  doping  Is  elec¬ 
trical  In  nature,  different  donor  Impurities  yielding  the  same  carrier 
concentration  n  should  produce  similar  effects  on  B/A  and  Identical 
(B/A)'  values.  Also,  ambient  effects  on  B/A  In  Eq.  (2.11)  are  likely 
contained  entirely  within  the  (B/A)^  factor.  As  a  result,  the 
(B/A)'  values  should  be  Identical  for  02  and  H20  oxidations  [2.8] . 

Both  of  these  assumptions  can  be  tested  by  studying  data  reported 
[2.71]  for  the  oxidation  in  H20  (wet  oxygen,  95°C  water  bubbler)  of 
(111)  silicon  doped  with  arsenic  to  surface  chemical  concentrations  of 
2.5  x  1020  to  2.2  x  10^  cm"^.  Qualitatively,  the  arsenic  H20  ambient 
data  are  very  similar  to  the  phosphorus  dry  02  ambient  data  in  Case  A— 
an  enhancement  of  overall  B/A  with  little  change  of  apparent  activa¬ 
tion  energy.  Quantitatively,  the  (B/A)'  values  for  similar  n  values 
should  be  identical.  The  chemical  As  levels  of  [2.71]  must  be  corrected 
first  to  the  resulting  resistivity  values  [2.72]  and  then  from  resistiv¬ 
ities  to  carrier  concentrations  [2.73]. 

Figure  2.21  compares  the  normalized  experimental  As,  H20  ambient 
(B/A)'  data  points  to  the  calculated  (B/A)'  curves  (based  on  the 
phosphorus,  dry  02  ambient  analysis  In  Case  A)  at  750°  and  850°C,  res¬ 
pectively.  (No  lightly  doped  control  (B/A) ^  data  at  650°C  were  repor¬ 
ted  In  [2.71].)  Again,  the  agreement  Is  good. 

i 

i 

(d)  Case  0:  Boron  (Acceptor)  Doping,  (100)  Orientation,  0o  Ambient 

To  this  point,  emphasis  has  focused  on  high  donor  impurities.  Va¬ 


cancy  charge  states  have  been  neglected,  and  total  vacancy  concentration 
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has  been  used  as  the  relevant  parameter  In  altering  the  Interface-reac¬ 
tion  rate  constant  k$.  This  has  been  done  because  charge-state  effects 
may  not  be  straightforward  [2.6].  With  this  simplistic  formulation,  the 
modeling  for  donor  Impurities  has  been  successful. 

If  only  total  vacancy  concentration  Is  considered  and  the  value  of 

K'cJ  In  Eq.  (2.12)  Is  assumed  to  be  relevant  for  acceptor  Impurities 
VT 

as  well  as  for  donors,  then  Eqs.  (2.11)  and  (2.12)  can  be  extended  to 

heavy  substrate  doping  by  such  acceptor  Impurities  as  boron.  Calculated 

results  based  upon  this  assumption  are  shown  In  Fig.  2.22  [2.8].  Data 

for  (100)  silicon  samples  of  a  single  boron-doping  level  were  Included 

with  the  (100)  phosphorus  dry  Og  oxidation  work  (Case  B)  In  [2.66].  This 

boron  level  produced  a  measured  resistivity  of  0.0016  n-cm  which  corrects 
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[2.74]  to  a  carrier  concentration  of  p  *  1  x  10  cm 

Figure  2.23  replots  the  (100)  B/A  values  [2.66]  for  lightly  doped 
and  heavily  boron-doped  silicon  vs  1/T.  Again,  as  in  Case  B,  the  low¬ 
est  temperature  (780°C)  data  have  not  been  Included  because  of  apparent 
deviation  of  the  lightly  doped  (B/A)1  from  Arrhenius  behavior.  Quali¬ 
tatively,  the  data  closely  resemble  the  expected  behavior  for  acceptor 
doping  shown  theoretically  In  Fig.  2.22;  at  lower  oxidation  temperatures, 
the  vacancy  term  should  have  little  Impact  at  most  large  p  values,  and 
consequently  B/A  *  (B/A)1  for  the  data  in  Fig.  2.23.  At  higher  tem¬ 
peratures  and  for  sufficiently  large  p  values,  the  total  B/A  should 
Increase  significantly  above  (B/A)1  as  the  vacancy  contribution  becomes 
comparable  to  the  other  components  of  B/A  grouped  In  R^.  Correspond¬ 
ingly,  the  highest  temperature  (1150°C)  data  In  Fig.  2.23  Indicate  that 
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the  effective  B/A  at  p  »  1  x  10  cm  has  Increased  to  twice  the 
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(B/A)^  value.  The  B/A  values  for  the  heavily  boron-doped  silicon 
display  the  resulting  curvature  with  1/T  (rather  than  a  single  effec¬ 
tive  activation  energy)  that  was  predicted  theoretically  In  Fig.  2.22. 

As  was  discussed  In  Case  B,  the  orientation  problem  can  be  resolved 
and  possible  orientation  effects  may  be  tested  by  direct  comparison  of 
the  normalized  (B/A)'  values  rather  than  the  total  B/A  values.  Fig¬ 
ure  2.24  presents  the  (100)  experimental  (B/A)'  data  obtained  In  [2.66] 
for  the  one  p  value  and  the  (B/A)'  curve  calculated  for  that  doping 
level  using  K'cl  of  Eq.  (2.12)  derived  from  the  (111)  n  results  In 

i 

Case  A. 

It  Is  evident  that  direct  extension  from  the  donor-  to  the  acceptor- 
model  may  not  be  completely  satisfactory.  The  calculated  curve  for  this 
p  value  adequately  represents  the  (100)  data  for  most  lower  temperatures. 
This  may  Indicate,  as  In  Case  B,  that  orientation  effects  In  the  normal¬ 
ized  (B/A)'  may  be  minor,  but  the  data  are  not  conclusive  because  the 
vacancy  contribution  determining  (B/A)'  In  Eq.  (2.11)  Is  expected  to 
be  Insignificant  at  these  lower  temperatures.  At  this  p  value,  how¬ 
ever,  the  calculated  (B/A)'  has  not  yet  begun  to  deviate  significantly 
from  unity  at  higher  temperatures,  whereas  the  data  apparently  have  begun 
to  deviate  at  the  highest  temperature  point. 

If  this  Incongruence  does  not  Indicate  some  Inherent  failure  In  the 
physical  modeling.  It  may  be  Indicative  of  vacancy  charge-state  effects 
thus  far  neglected  [2.8];  that  is,  the  V+  charge  state  dominant  for 
heavy  acceptor  doping  may  be  more  effective  In  the  Interface  oxidation 
reaction  than  are  the  V”  and  V*  states  of  donor  doping.  At  higher 
temperatures,  therefore,  total  B/A  begins  to  vary  significantly  from 
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( B/A) ^  at  a  lower  p  value  and  corresponding  V*  concentration  than 
Is  considered  necessary  based  on  the  direct  extension  of  the  donor  and 
V",  V*  modeling.  Although  this  evidence  Is  tenuous  (only  one  data  point), 
the  possibility  of  vacancy  charge-state  effects  warrants  further  Investi¬ 
gation. 

(e)  Case  E:  Phosphorus  and  Boron  (Donor/Acceptor  Compensation)  Doping 

In  the  modeling  of  heavy  doping  effects  on  oxidation,  effects  such 
as  Impurity-created  strain  have  been  Implicitly  assumed  to  be  of  less 
Importance  than  electrical  effects  In  enhancing  k$  and  B/A  [2.7]. 

Heavily  compensated  phosphorus  and  boron  doped  silicon  should  pro¬ 
vide  an  Intriguing  test  of  this  assumption.  Both  phosphorus  and  boron 
have  covalent  radii  smaller  than  that  of  silicon  and  cause  the  substrate 
lattice  to  contract  on  doping  [2.75,2.76].  Silicon  doped  with  both  Im¬ 
purities  to  specific  levels  should  be  under  greater  compressive  strain 
than  a  substrate  doped  with  only  one  dopant  to  the  same  level  of  that 
Impurity.  If  strain-related  effects  are  of  more  than  secondary  Impor¬ 
tance,  material  doped  heavily  with  both  boron  and  phosphorus  should  ex¬ 
hibit  an  oxidation  interface-reaction  rate  enhanced  as  much  as.  If  not 
more  than,  silicon  with  only  one  dopant. 

Boron  also  has  a  greater  size  mismatch  relative  to  silicon  than  does 
phosphorus : 

d0  -  0.88  A 

d_  «  1.10  A 
P 

d$i  -1.17  A 
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A  specific  boron  level  should  produce  more  lattice  contraction  than  would 
a  comparable  phosphorus  level  [2.76].  The  data  In  Cases  B  and  0  do  not 
Indicate  a  greater  boron  effect  In  the  Interface  oxidation-reaction  rate; 
actually*  boron  has  less  effect  than  phosphorus,  which  Is  contrary  to 
these  strain-related  observations. 

Compensation  of  phosphorus  donors  with  boron  acceptors  should  reduce 
the  electrical  doping  level  and  force  the  Fermi  level  back  toward  Its  In¬ 
trinsic  value.  If  electrical  effects  dominate,  such  heavily  compensated 
material  should  yield  a  lower  oxidation  rate  than  would  silicon  heavily 
doped  with  the  phosphorus  alone. 

As  a  test  of  this  model,  a  set  of  Increasingly  heavily  phosphorus- 

doped  (100)  samples  at  electrically  active  levels  comparable  to  the  (111) 

substrates  In  Case  A  [2.4,2.65]  and  a  lightly  doped  wafer  were  subjected 

to  a  60  min  boron  "predeposition,,  diffusion  from  a  diborane  source  at 

1100°C.  The  boron  glass  was  then  stripped.  Auger  measurement  Indicated 
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a  boron  surface  concentration  of  ~10  cm  which  Implies  an  electrically 
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active  level  exceeding  10  cm  .  The  net  doping  level  of  the  samples 
will  vary,  as  the  "background"  phosphorus  level  Increases,  from  heavily 
p-type  to  heavily  compensated  (lower  net  electrical  doping)  and  then  to¬ 
ward  heavily  n-type.  On  the  other  hand,  the  lattice  strain  Is  Increased 
monotonlcally  by  the  increasing  phosphorus  level.  Thus,  the  electrical 
and  strain  forces  are  diverging  in  the  samples,  and  a  dominance  may  be 
Inferred  from  trends  In  the  resulting  oxidation  rate. 

A  control  set  of  phosphorus -doped  samples  and  a  lightly  doped  wafer 
were  given  a  2  min  0^  followed  by  58  min  Ng  heat  treatment  at  1100°C  but 
no  boron  diffusion.  Residual  oxide  was  removed  by  chemical  etching.  The 
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two  sets  of  samples  were  then  oxidized  together  In  a  dry  Og  ambient  at 
900°C  for  4  hours;  the  Increasingly  heavy  phosphorus-doped  samples  were 
placed  further  downstream  on  the  boat.  The  resulting  oxide  thicknesses 
were  measured  elllpsometrlcally,  and  the  data  are  plotted  vs  electrically 
active  phosphorus  concentrations  (prior  to  boron  diffusion  or  heat  treat¬ 
ment  and  oxidation)  In  Fig.  2.25. 

The  heat-treated  uncompensated  data  set  shows  the  expected  steady 
increase  of  the  oxidation  rate  with  heavier  phosphorus  doping  due  to 
Increasing  strain  and/or  electrical  dopant  effects. 

For  the  compensated  data  set,  as  the  degree  of  compensation  increases, 
the  growth  rate  first  holds  steadily  at  the  value  characteristic  of  the 
high  p  level.  This  rate  Is  somewhat  faster  than  that  of  the  lightly 
doped  control  wafer  to  which  no  boron  or  phosphorus  was  added.  As  the 
compensating  donor  level  approaches,  becomes  comparable  to,  and  eventu¬ 
ally  exceeds  that  p  value,  the  oxide  growth  rate  correspondingly  remains 
constant,  perhaps  decreases  slightly,  and  then  Increases.  (Because  exact 
compensation  is  exceedingly  unlikely  due  to  experimental  uncertainties, 
the  observed  growth  rates  for  the  nominally  compensated  samples  should 
not  be  expected  to  decrease  completely  to  that  of  the  lightly  doped  con¬ 
trol  wafer;  Instead,  their  behavior  as  observed  in  Fig.  2.25  may  Indicate 
that  the  boron  diffusion  yielded  an  electrically  active  boron  surface 
level  of  ~2  x  102®  cm"3.) 

It  can  be  observed  that  the  growth  rate  in  the  compensated  samples 
does  not  rise  steadily  as  demanded  by  a  dominant  strain-related  mechanism, 
and  that  It  does  not  follow  the  monotonic  Increase  seen  In  the  uncompen¬ 
sated  data  set.  The  data  show  that  the  electrical  Influence  of  heavy 
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doping  must  dominate  over  the  strain-related  effects  to  produce  the  ob¬ 
served  enhanced  Interface  oxidation  rates. 

The  parabolic  rate  constant  B,  related  to  diffusion  of  the  oxi¬ 
dizing  species  through  the  growing  oxide  [2.84],  also  contributes  to 
oxidation  but  has  not  been  Included  In  the  above  Interpretation.  Boron 
accumulating  In  the  growing  oxide  from  a  heavily  boron-doped  substrate 
has  been  shown  to  produce  significant  enhancement  of  £  only  at  higher 
temperatures  (exceeding  1040°C),  with  relatively  little  effect  on  B  at 
900°C  [2.66].  The  boron  diffusion  of  the  compensated  samples  should.  If 
anything,  only  enhance  B  slightly  relative  to  the  uncompensated  phos¬ 
phorus-doped  samples.  (Enhanced  oxidation  of  the  substrate  doped  only 
with  boron,  therefore,  should  result  from  a  slight  Increase  of  both  B/A 
and  B  above  the  values  for  the  lightly  doped  control  wafer.)  Yet, 
overall  oxidation  of  the  most  heavily  phosphorus-doped  compensated  samples 
is  retarded  relative  to  the  uncompensated  controls,  indicating  that  the 
effective  B/A  is  Indeed  reduced  In  the  compensated  samples,  in  agree¬ 
ment  with  the  above  Interpretation. 

D.3  Discussion 

The  vacancy-contribution  model  developed  In  [2. 4, 2. 8]  and  compared 
to  experlme'  ~1  data  above  appears  to  be  adequate  for  determining  an 
effective  B/A  resulting  from  high  doping  levels.  Possible  deviation 
from  experimental  results  In  heavy  acceptor  doping  at  high  temperatures 
Is  not  a  critical  limitation  because  the  influence  of  B/A  on  the  oxi¬ 
dation  rate  at  these  B-domlnated  higher  temperatures  Is  relatively  minor 
[2.64].  This  model  may  have  Immediate  practical  application  under  most 
device  processing  conditions  In  Integrated  circuit  technology  [2.77]. 
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Modeling,  however,  has  raised  numerous  questions,  particularly  con¬ 


cerning  the  role  of  silicon  point  defects  In  oxidation  and  other  high 
temperature  processes  that  should  be  pursued.  Point  defect  streams  may 
prove  to  be  a  unifying  factor. 

(a)  Nature  of  the  Vacancy  Contribution 

The  nature  of  the  Interface  oxidation  reaction  and  the  proposed 
vacancy  contribution  to  that  reaction  rate  are  of  great  Interest.  The 
observation  that  the  temperature  behavior  of  (B/A)*  resembles  an  ac¬ 
tivated  process  with  an  activation  energy  of  2.0  eV  has  led  to  the  spec¬ 
ulation  that  the  limiting  energy  represents  that  required  to  break  a 
SI-SI  bond  [2.64].  Other  factors,  however,  could  become  significant. 

As  discussed  In  [2.8],  movement  of  the  Si02/S1  Interface  Into  the  sili¬ 
con  as  th'-  Interface  oxidation  reaction  proceeds  may  be  considered  as  a 
conversion  of  the  silicon  crystal  lattice  into  an  Si 02  network  possibly 
with  local,  as-grown  order  "matched"  to  the  Si  substrate.  Based  on  vol¬ 
umetric,  strain,  and  lattice-size  considerations,  it  Is  unlikely  that  an 
oxygen  atom  Is  Inserted  between  every  two  Si  atoms  bonded  together  at 
the  Interface;  Instead,  an  overabundance  of  SI  atoms  could  be  present, 
and  space  or  sites  must  be  created  for  oxygen  atoms  to  occupy.  Silicon- 
lattice  point  defects  should  be  significant  in  providing  these  reaction 
sites.  Interstitials  can  be  created  or  vacancies  consumed  In  the  Inter¬ 
face  reaction,  and  the  oxidizing  interface  becomes  an  interstitial  source 
or  vacancy  sink. 

It  has  been  suggested  [2.78-2.81]  that  such  an  excess  of  intersti¬ 
tials  and/or  depletion  of  vacancies  could  be  created  by  the  oxidation 


process.  Actually,  Interstitial  flows  may  have  some  bearing  on  a  pos¬ 
sible  orientation  dependence  of  the  vacancy  contribution  and  the  normal¬ 
ized  (8/A)1  at  high  doping  levels.  Interstitials  may  combine  with 
vacancies  to  annihilate  both  point  defects  and  thus  serve  as  another 
potential  sink  for  the  vacancies.  It  has  been  proposed  [2.81,2.82]  that 
the  Interstitial  concentration  present  during  oxidation  Is  larger  for 
(100)  than  for  (111)  silicon,  which  explains  the  greater  enhancement  of 
boron  diffusion  (postulated  to  be  Interstitial-related)  under  (100)  SI 
oxidizing  conditions.  A  greater  interstitial  concentration  presumably 
could  reduct  the  magnitude  of  the  vacancy  contribution  to  the  oxidation 
reaction  simply  by  annihilating  more  vacancies;  the  normalized  (B/A)' 
would  then  be  less  for  (100)  than  for  (111)  silicon.  The  comparisons 
of  (100)  data  to  calculated  (B/A)'  in  Figs.  2.20  and  2.24  do  not  dis¬ 
count  this  likelihood. 

With  such  a  multitude  of  possible  mechanisms  (point-defect  related 
or  otherwise)  Involved  In  the  oxidation  reaction,  the  assumption  of  mul¬ 
tiple  contributions  to  the  effective  Interface-reaction  rate  constant 
ks  and  linear  rate  constant  B/A  should  not  be  unreasonable.  The  mod¬ 
eling  described  here  has  employed  this  assumption,  plus  the  proposal 
that  the  contribution  most  significantly  affected  by  heavy  substrate 
doping  is  vacancy-related. 

All  other  possible  contributions  (whether  Interstitial -related  or 
the  breaking  of  a  SI-SI  bond)  are  grouped  Into  and  assumed  to  be 
unaffected  or  Influenced  to  a  much  lesser  extent.  This  last  assumption 
Is  largely  a  matter  of  convenience  because  little  quantitative  Informa¬ 
tion  Is  available  in  the  literature  concerning  Interstitials.  The 
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empirical  results  In  Case  A  do  not  Indicate  a  significant  change  of  B/A 
activation  energy  with  heavy  donor  doping  that  should  be  observable  if  a 
bond-breaking  energy  mechanism  Is  Influenced  substantially  by  dopant- 
induced  strain.  The  order  of  magnitude  Increase  exhibited  by  B/A  with 
heavy  phosphorus  doping  would  require  a  reduction  of  the  activation  ener¬ 
gy  by  0.25  eV  at  oxidation  temperatures;  however,  as  Indicated  In  Fig. 
2.13  of  [2.4],  relatively  little  effect  is  observed  on  the  associated 
activation  energy  and  surely  not  a  0.25  eV  decrease  (in  fact,  a  slight 
Increase  may  possibly  be  present).  Also,  a  Horse  potential  calculation 
[2.83]  Indicates  that  the  change  In  Si-Si  bond  energy  to  be  expected 

from  the  lattice  constant  change  [2.76]  produced  by  even  a  substitution- 
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al  phosphorus  level  of  ~10  cm  Is  less  than  1  percent.  Such  a  direct 
strain-related  bond  energy  change  seems  unlikely  to  be  a  major  contribut¬ 
ing  factor.  Other  possible  pathways  remain  equally  doubtful  or  unmanage¬ 
able. 

A  vacancy  contribution,  on  the  other  hand,  can  be  determined  numeri¬ 
cally  with  the  additional  simplifying  assumption  of  thermal  or  quasi¬ 
equilibrium  with  respect  to  vacancy  statistics  and  concentrations.  Va¬ 
cancy  lifetime  has  been  estimated  [2.84]  from  vacancy  diffusion-length 
data  at  750°C  [2.85]  to  be  on  the  order  of  10'4  sec.  Because  this  ap¬ 
pears  small  relative  to  other  time  constants  associated  with  the  oxida¬ 
tion  process,  the  assumption  of  equilibrium  vacancy  contributions  should 
not  be  an  unreasonable  first-order  approximation. 

Within  this  framework,  the  vacancy  contribution  Is  characterized  by 

the  fitted  parameter  K'cJ  In  Eq.  (2.12)  based  on  the  n  values  for 

VT 

the  heavily  phosphorus-doped  samples  reported  In  the  study  described  In 

77 


Case  A  [2.8,2.65].  However,  degeneracy  effects,  nonionized  substitu¬ 
tional  phosphorus,  and  other  possible  phosphorus  species  were  neglected, 
and  room-temperature  measurements  were  applied  to  estimate  these  carrier 
concentrations.  Such  values  may  underestimate  the  concentrations  appli¬ 
cable  at  oxidation  temperatures,  particularly  in  the  most  heavily  doped 
samples.  As  a  result, In  Fig.  2.18,  the  experimental  (B/A) *  value  for 
the  most  heavily  doped  sample  (designated  F)  appears  greater  than  the 
calculated  value  at  the  n  value  assumed  for  F  In  [2.8,2.65].  The 
actual  n  value  may  be  higher,  and  the  measured  (B/A)'  point  would 
then  be  shifted  to  a  higher  n  value  for  which  the  calculated  (B/A)' 
would  be  In  closer  agreement. 

Because  the  true  concentrations  may  approach  the  total  chemical 
phosphorus  Cgc  values  also  listed  In  [2.7],  these  values  may  be  used 
to  approximate  the  actual  n  values.  Figure  2.26  plots  the  results  of 
applying  the  vacancy-contribution  model  to  the  phosphorus  data  obtained 
in  Case  A  at  800°C,  assuming  that  n  *»  Cg(,.  Equation  (2.11)  was  fitted 
to  the  data  by  following  the  procedure  described  In  [2.8].  The  offset 
proportionality  parameter  K'Cy  e^-°/kT  was  reduced  to  5.0  x  10"^  from 
the  earlier  value  of  1.8  x  10"^  at  800°C  derived  In  Eq.  (2.12).  The 
agreement  may  be  better  than  In  Fig.  2.18a  where  the  apparent  deviation 
of  the  F  point  may  partly  result  from  an  n-value  underestimation  which 
Is  most  significant  for  the  F  point.  (Additional  factors  could  con¬ 
tribute  to  this  deviation.  Other  mechanisms  grouped  In  and  previ¬ 
ously  assumed  unaffected  by  heavy  doping  may  be  influenced  at  the  highest 
phosphorus  levels.  For  example,  dopant-related  strain  could  become  sig¬ 
nificant,  and  error  In  the  B/A  rate-constant  extraction  Is  Inherently 
greatest  for  the  F  points  [2.64,2.7].) 


Similar  considerations  would  apply  to  modeling  the  other  experimen¬ 
tal  cases  above.  Ultimately,  they  all  employ  room-temperature  measure¬ 
ments  to  estimate  and,  perhaps,  undervalue  carrier  concentrations  appli¬ 
cable  at  the  oxidation  temperatures .  The  actual  carrier  concentration 
at  a  specific  doping  level  should  vary  only  slightly  throughout  the  lim¬ 
ited  oxidation  temperature  range  (~750°  to  1150°C).  If  corrections  are 
made  in  the  n  values  matched  to  the  phosphorus  data  points  In  Case  A, 
each  sample  type  would  still  have  a  "constant"  n  value  at  all  oxida¬ 
tion  temperatures  studied.  As  a  result,  refitting  Eq.  (2.11)  to  the  data 

to  determine  a  new  offset  parameter  analogous  to  K'Cw  In  Eq.  (2.12) 

vT 

would  yield  a  different  pre-exponential  factor;  however,  the  ~3.1  eV 
activation  energy  In  Eq.  (2.12)  would  remain  unchanged. 

Although  the  precise  value  of  the  pre-exponential  In  Eq.  (2.12)  may 
be  questioned,  the  ~3.1  eV  activation  energy  should  be  meaningful.  The 
vacancy  contribution  has  been  determined  [2.8]  as 

sT  ■  (k'4t)  cicvt  -  c;T «■>  (tt)  (2-14> 

where  Indicates  the  dependence  of  the  total  vacancy  contribution 

VT 

on  the  doping  level.  With  heavy  doping,  Fermi-level  shifts  In  the  band 

gap  vary  C„  and,  through  Eq.  (2. 14),  also  the  apparent  activation 
VT 

energy  of  the  vacancy  component  of  the  Interface  reaction  (Figs.  8  and  9 
of  [2.8]).  It  appears  reasonable,  therefore,  that  the  vacancy  contribu¬ 
tion  at  low  doping  levels  (K'C„  )C,  or  KC„  must  reflect  the  nature 

VT  1  VT 

or  mechanisms  of  the  vacancy  contribution  unconcealed  by  Fermi -level 
shifts. 
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The  ~3.1  eV  activation  energy  of  the  fitted  parameter  K'C„  may 

4  VT 

be  revealing.  As  discussed  In  [2.8],  Cu  Is  calculated  from  and  fol- 

VT 

lows  very  closely  the  Arrhenius  temperature  dependence  of  the  concentra¬ 
tion  of  neutral  vacancies  C  v.  [This  quality  has  not  been  required 

Vx 

numerically  In  the  analysis;  Instead,  the  actual  calculated  variable  In 

Eq.  (2.11)  for  B/A  Is  from  which  C  w  Is  canceled  by  normal Iza- 

VT  Vx 

tlon.]  Physical  Interpretation  of  the  vacancy  contribution  will  be  de¬ 
pendent,  therefore,  on  the  precise  determination  of  the  behavio-*  of  C 

Vx 

with  temperature  or  the  neutral  vacancy  formation  energy  Ex. 

A  survey  of  the  literature  Indicated  that  there  Is  some  controversy 

over  vacancy  properties.  Van  Vechten  and  Thurmond  [2.86]  concluded  that 

E  *  2.4  1  0.2  eV.  The  observed  behavior  of  K'cl  would  then  suggest 
X  T 

an  additional  K'  temperature  dependence.  Because  Van  Vechten  [2.87] 

also  found  that  vacancy  migration  requires  an  additional  migration  energy 

Em  *  1.2  *  0.3  eV  regardless  of  the  charge  state,  K'  may  be  related  to 

vacancy  diffuslvity.  [The  concept  that  Em  is  not  dependent  on  vacancy 

charge  states  further  supports  the  contention  that  K'Cy  should  indl- 

VT 

cate  the  limiting  process  In  the  vacancy  contribution  undisguised  by 
changes  in  the  Fermi  level.  These  effects  then  Influence  only  the  va¬ 
cancy  concentrations  through  C„  .]  The  vacancy  contribution  reflected 
i  T 

in  K'Cu  ,  therefore,  may  consist  of  a  vacancy  flux  to  the  Interface  or 
VT 

a  silicon  self-diffusion  via  vacancies  Into  the  bulk  substrate.  Van 


Vechten’s  total  vacancy-diffusion  energy  of  ~3.6  eV,  Swalln’s  ~3.38  eV 
[2.83],  and  Bennemann's  ~3.22  eV  [2.88]  are  In  good  agreement.  Vacancies 
may  diffuse  from  such  substrate  sources  as  bulk  defects  or  vacancy  clus¬ 
ters  frozen  into  the  bulk  when  the  silicon  Is  pulled  from  the  melt  [2.89, 
2.90]. 


80 


Fairfield  and  Masters  [2.91]  propose  a  substantially  greater  forma¬ 
tion  energy  of  Ex  *»  3.4  eV  and  a  correspondingly  larger  self-diffusion 
energy  of  5.13  i  0.1  eV;  K'  Mould  then  appear  to  be  temperature  Insen¬ 
sitive,  and  the  vacancy  contribution  may  possibly  be  linked  to  vacancy 
generation  at  or  near  the  Interface.  Alternatively,  the  contribution 
could  be  directly  proportional  to  the  total  vacancy  concentration  at  all 
temperatures.  As  a  result,  vacancies  may  simply  produce  a  greater  effec¬ 
tive  "surface  area"  or  larger  number  of  available  SI-SI  bonds  at  the 

"rougher"  Interface  [2.7,2.66].  The  3.1  eV  activation  energy  of  K'C„ 

VT 

In  Eq.  (2.12)  again  could  be  reasonably  related  to  the  relevant  indepen¬ 
dently  reported  physical  parameters.  The  model  described  here  Is  there¬ 
fore  consistent  with  either  of  the  above  models  for  vacancy  generation 
and  diffusion. 


(b)  Effects  of  the  Vacancy  Charge  State 

The  dominant  vacancy  charge  state  will  change  as  Ep  shifts  due  to 
heavy  doping  [2.92].  Because  charge  states  have  been  neglected  [2.8], 
however,  the  Fermi-level  position  Influences  "directly"  the  magnitude 
and  apparent  activation  energy  of  the  vacancy  contribution  via  Eq.  (2.14). 
As  Ep  varies  with  heavy  doping,  so  do  the  vacancy  contribution  and  Its 
effective  activation  energy.  The  agreement  with  experimental  results 
above  appears  to  justify  regarding  the  charge-state  effects  as  secondary 
In  Importance. 

Charge-state  effects,  however,  may  provide  additional  insight  Into 
the  physical  mechanisms  Involved.  For  example,  the  results  obtained  from 
boron  doping  In  Case  D  Indicated  that  the  effects  of  the  V+  charge  state 
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and  the  V“,  V*  states  on  the  oxidation  reaction  may  differ.  If  the 
charge  state  became  a  significant  parameter,  the  linear  rate  constant 
becomes.  In  analogy  with  [2. 4, 2. 8], 


B 

J 


+  KC+K.C.+KC  +K.C, 
VX  Vx  V  V  V"  V"  V  V 


(2.15) 


The  neutral  vacancy  contribution  could  then  be  grouped  In  with  all 
other  possible  contributions  dependent  on  temperature,  unaffected  by 
heavy  doping,  and  Independent  of  heavy-doping  electrical  effects.  Con¬ 
ceivably,  the  neutral  vacancy  contribution  could  even  dominate  R-j  If 

C  can  be  shown  to  have  an  activation  energy  of  ~2.0  eV.  Van  Vechten 
Vx 

and  Thurmond's  [2.86]  value  of  2.4  *  0.2  eV  applies  to  bulk  vacancies 
and  may  not  allow  for  a  reduction  In  the  energy  required  because  of 
strain  at  the  S102/S1  Interface  resulting  from  mismatch  of  the  SI  and 
SiO^  lattice  parameters.  Van  Vechten  [2.93]  has  also  estimated  ~1.8  eV 
as  the  corresponding  formation  energy  for  a  surface  vacancy. 

The  K'cl  In  Eq.  (2.11)  and  Its  associated  3.1  eV  activation 
T 

energy  may  represent  a  weighted  average  of  the  V  and  V  contribu¬ 
tions  dominant  In  heavy  phosphorus  (donor)  doping  from  which  it  was  de¬ 
duced.  It  Is  not  unlikely  that  the  V+  contribution  could  reveal  a 
different  proportionality  and  effective  activation  energy  as  a  result 
of  the  modified  charge-balance  requirements  In  the  detailed  oxidation 
reaction  at  the  Interface.  In  view  of  the  possible  negatively  charged 
nature  of  the  diffusing  oxygen  species  In  the  oxide  [2.64],  Collins  and 
Nakayama  [2.94]  suggested  that  holes  or  positive  charge  are  consumed  or 
electrons  are  liberated  In  the  Interface  reaction  to  maintain  charge 
balance.  A  positively  charged  vacancy  may  then  be  more  "effective"  In 
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reacting  with  a  negative  oxidant,  as  was  Implied  by  the  boron  data  ob¬ 
tained  In  Case  D.  If  an  electric  field  should  be  present  at  or  near  the 
Interface,  the  diffusion  of  positively  vs  negatively  charged  vacancies 
may  also  be  affected. 

Such  charge-state  effects  would  be  expected  to  differentiate  between 
positively  and  negatively  charged  vacancies  to  a  greater  degree  than  bet¬ 
ween  V"  and  V*.  The  V"  and  V*  differences,  therefore,  may  be  small 
enough  so  that,  for  example,  the  phosphorus  data  In  Case  A  would  not  be  a 
sufficiently  sensitive  test  to  reveal  them. 

In  the  absence  of  such  factors  as  electric  field  effects,  the  highly 
delocalized  nature  of  the  charge  associated  with  Ionized  vacancies  [2.92] 

4 

may  reduce  the  significance  of  such  charge-state  effects.  If  the  princi¬ 
pal  requirement  of  the  Interface  reaction  Is  to  provide  reaction  sites 
for  the  oxidant,  the  vacancy  charge  state  may  actually  be  a  second-order 
consideration. 

(c)  Redistribution  and  the  Vacancy  Contribution 

Dopant  redistribution  has  been  neglected  In  the  analysis  In  [2.8] 
and  above.  Serious  questions  may  be  raised  concerning  Its  manageability 
and/or  usefulness  In  this  Investigation. 

Observed  phosphorus  redistribution  profiles  [2.95]  for  the  heavily 
doped  samples  used  In  Case  A  differ  In  several  respects  from  predictions 
of  simple  theory  [2.96].  For  example,  the  ratio  of  plleup  to  bulk  phos¬ 
phorus  concentration  (C^/Cg)  for  dry  Oj  oxidation  at  900°C  Is  expected 
to  be  ~1.5.  The  observed  ratios  may  be  over  an  order  of  magnitude  greater 
for  the  oxidized  heavily  doped  samples.  In  theory,  the  segregation 
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coefficient  for  phosphorus  Is  assumed  to  be  ~10.  The  actual  ratio  of 
the  observed  plleup  to  concentration  In  the  oxide  (Cs/CgX),  or  an  ef¬ 
fective  segregation  coefficient,  again  Is  considerably  greater— possibly 
by  more  than  an  order  of  magnitude.  From  theory,  the  extent  of  the  re¬ 
distribution  disturbance  Into  the  silicon  from  the  Interface,  or  the 
width  of  the  plleup  peak,  should  be  approximately  one  phosphorus-diffu¬ 
sion  length  2\lDt;  for  200  min  at  900°C,  this  length  for  low  phosphorus- 

O 

doping  levels  should  be  ~500  A.  The  peak  widths  observed  In  the  heavily 

O 

doped  samples  are  an  order  of  magnitude  narrower  (~30  to  40  A).  As  a 
re;ult,  the  existing  theory  of  Impurity  redistribution  appears  Inadequate 
at  least  for  the  oxidation  of  heavily  phosphorus-doped  silicon. 

Even  If  agreement  between  redistribution  theory  and  experiment  for 
oxidation  of  heavily  doped  silicon  were  reasonable,  note  that  simple 
theory  assumes  parabolic  oxide  growth  to  find  dopant  concentrations  at 
the  S1/Si02  interface  should  reach  a  steady-state  constant  value  [2.96]. 
Oxidation  proceeds  through  a  linear  growth  period  before  achieving  para¬ 
bolic  growth.  Thus,  redistribution  should  be  subject  to  a  finite  tran¬ 
sient  period  before  reaching  the  steady-state.  Because  B/A  is  most 
relevant  during  this  linear  growth  transient,  the  effective  B/A  may 
correspond  to  a  time-averaged  dopant  concentration  in  the  silicon  which 
differs  from  the  steady-state  value. 

Also,  simple  theory  predicts  that  phosphorus  pile-up  should  be 
greater  at  lower  temperatures.  Yet,  for  a  given  Initial  phosphorus  lev¬ 
el  In  Case  A,  the  observed  enhancement  of  B/A  Is  no  greater  at  800°C 
than  at  1100°C  and  does  not  appear  to  track  the  theoretical  temperature 
behavior  of  the  phosphorus  pile-up. 


Even  If  the  numerical  problem  becomes  tractable,  the  usefulness  of 
applying  redistribution  to  the  analysis  would  depend  on  the  physical 
mechanism  by  which  heavy  doping  alters  the  oxidation  rate.  The  heavy¬ 
doping  phosphorus  plleup  peaks  of  Case  A  may  well  Include  precipitates 
[2.97]  or  clusters  [2.67]  that  are  electrically  Inactive;  such  Inactive 
phosphorus  would  not  be  crucial  to  the  proposed  electrical  nature  and 
vacancy  mechanism  of  the  dopant  effects  on  the  Interface  oxidation  reac¬ 
tion. 


Thermal  oxidation  and  oxide  properties  are  closely  connected  to  the 
Interface  reaction.  Vacancies  and  interstitials  participating  in  this 
reaction,  therefore,  may  be  connected  to  the  resulting  oxide  and  Inter¬ 
face  charges.  As  noted  In  [2.8]  and  earlier  In  this  report,  perhaps  a 
small  fraction  of  Interstitials  produced  in  the  oxidation  process  may 
move  into  the  oxide.  Such  a  flow  very  probably  would  then  be  directly 
related  to  the  observed  oxide  charge  Qs$  which  has  been  described  as 
Incompletely  oxidized  silicon  atoms  [2.98],  Calculations  based  on  per¬ 
turbation  theory  have  demonstrated  that  localized  levels  In  the  silicon 
band  gap  may  result  from  the  dangling  bonds  of  SI  atoms  associated  with 
oxygen  or  silicon  vacancies  at  the  SI/SIOj  Interface,  which  suggests  a 
physical  origin  for  Interface  states  [2.99].  Vacancies  may  also  be  re¬ 
lated  to  surface  recombination  at  the  interface  via  these  states  which 
may  serve  as  recombination-generation  centers  and,  therefore,  should  be 
directly  proportional  to  the  surface  recombination  velocity.  Recombina¬ 
tion  velocity  values  have  been  shown  to  Increase  dramatically  with  heavy¬ 
doping  levels  [2.100]  as  should  vacancy  concentrations. 


Oxidation  and  point  defects  may  be  related  to  many  other  processing 
phenomena  for  which  point-defect  streams  may  prove  to  be  a  unifying  fac¬ 
tor.  The  postulated  excess  Interstitial  flows  produced  during  thermal 
oxidation  may  be  the  mechanism  of  oxidation-enhanced  dopant  diffusion 
[2.78,2.79,2.81].  Vacancy-related  models  abound  for  Impurity  diffusion 
[2.77,2.82,2.84,2.101,2.102].  These  models  that  employ  vacancy  streams 
are  particularly  necessary  at  high  doping  levels  to  resolve  "nonideal" 
diffusion  profiles  and  to  explain  the  Interaction  between  sequential 
dopant  diffusions  [2.103]  such  as  the  often-observed  emitter  push  [2.104] 
and  emitter-pull  [2.105].  A>  a  result,  these  phenomena  may  Impact  and  be 
Impacted  by  the  oxidation  process  In  general  and  by  the  oxidation  of 
heavily  doped  silicon  In  particular.  Clearly  linked  to  oxidation  are 
oxidation-induced  stacking  faults  and  other  defects  that  have  been  at¬ 
tributed  to  excess  interstitials  [2.81,2.82,2.106]  and  to  vacancy  flows 
[2.80]  and  clusters  [2.107]. 

This  Investigation  has  postulated  that  large  vacancy  concentrations 
resulting  from  the  heavy  doping  of  silicon  may  Increase  oxidation  rates; 
such  enhanced  oxidation  appears  to  extend  directly  to  heavily  doped  poly- 
crystalline  silicon  [2.108,2.109].  Greater  concentrations  of  vacancies 
In  heavily  doped  silicon  may  also  produce  faster  silicon  self-diffusion 
[2.91]  and  solid-phase  epitaxial  regrowth  of  amorphous  silicon  layers  on 
single-crystal  silicon  [2.110,2.111].  The  more  rapid  self-diffusion 
could  actually  be  linked  directly  to  the  enhanced  oxidation.  The  mech¬ 
anisms  may  all  be  identical— the  vacancies  provide  reaction  sites  Into 
which  the  appropriate  reactant,  atom  may  move. 
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With  oxidation  and  Si  point-defect  streams  potentially  so  critically 
involved  in  these  and  other  phenomena,  additional  investigation  to  under¬ 
stand  better  the  oxidation  process  and  proposed  vacancy  (and  interstitial) 
contributions  to  the  interface  oxidation  reaction  may  prove  rewarding. 
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Table  1.  IDENTIFICATION  OF  CRYSTALLINE  PHASE  IN  S i 02  FILMS.  Spacings  from  transmission  electron  diffraction 
patterns  obtained  at  100  kV;  designated  patterns  intensified  using  radioisotopic  image  enhancement 
techniques. 


(hkl)  values  given  in  parentheses. 


Cross-section  of  oxide  Isolated  NMOS 
transistor. 
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Fig.  2.4.  Relative  activation  energies  of  interface 
reaction  rate  B/A  and  generation  rate  of 
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Fig.  2.7.  Interface  state  density  at  midgap  for  (100)  and  (111) 

silicon  as  measured  from  H?  annealed  and  non-H2  annealed 
samples  for  various  oxidation  ambients,  anneal  ambients, 
and  cooling  rates. 
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Fig.  2.9.  Interface  state  density  at  midgap  for  n-type  (100)  silicon, 
oxidized  and  cooled  In  dry  O2  prior  to  low  temperature  H2 
annealing  and  after  two  different  annealing  treatments. 
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Fig.  2.10.  Dependence  of  Interface  state  density  on  low  temperature 
annealing  parameters  for  n-type  (111)  silicon  samples, 
4-6  ft-cm,  oxidized  In  dry  O2  (O2  FP)  and  annealed  for  10 
min:  (a)  In  100%  hydrogen  at  various  temperatures,  and 
(b)  at  400°C  In  various  hydrogen/nitrogen  ambients. 
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Fig.  2.11.  Proposed  mechanism  for  Interface  state  annealing  In 

hydrogen  at  low  temperature  with  and  without  the  presence 
of  aluminum  field  plates. 
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Fig.  2.12.  Midgap  Interface  state  density  for  n-type  (111)  wafers 

oxidized  In  dry  Og  at  1000°C  and  pulled  In  oxygen  (0?  FP) 
for  various  post-metallization  anneal  treatments.  All 
anneals  are  10  min.  The  percentage  of  hydrogen  In  nitrogen 
Is  (a)  0%,  (b)  10%,  (c)  35%,  and  (d)  50%. 
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Fig.  2.13a.  Morphology  of  a  thinned  sample.  An  SIO2  film  Is  suspended 
across  the  hole  produced  by  the  jet  thinning  process. 
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radiation. 

A.  Strong  peak  28. 5°  (3.1292  a)  X  reflection  of  (111)  planes  of  SI. 

B.  Weak  peak  58.8°  (1.5691  A)  X  reflection  of  (222)  planes  of  SI. 

C.  Strong  peak  95.0°  (1.0447  A)  X  reflection  of  (333)  planes  of  SI. 


SiO 


mm* 


Fig.  2.16.  Effective  Index  of  refraction  of  thermally  grown 
SIO?  layers,  grown  at  900°C  In  dry  oxygen  ambient 
on  (100)  and  (lll)-orlented  single-crystal  silicon 
substrates. 
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Fig.  2.17.  Optical  Interface  layer  at  the  SI-SIO? 

Interface.  Its  thickness  Is  4-7  A  ana 
Its  Index  of  refraction  Is  2. 5-2.8. 
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Fig.  2.20.  Comparison  of  case  B  phosphorus  experimental 
normalized  linear  rate  constant  to  calculated 
values. 
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Fig.  2.21.  Comparison  of  case  C  arsenic  experimental 

normalized  linear  rate  constant  to  calculated 
values  at  (a)  750°C  and  (b)  850#C. 
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Fig.  2.24.  Comparison  of  case  D  boron  experimental 
normalized  linear  rate  constant  to  calcu¬ 
lated  values. 
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ELECTRICALLY  ACTIVE  PHOSPHORUS  (cm 3) 


Fig.  2.25.  Oxide  thickness  (oxidation  rate)  vs  phosphorus 
concentration  of  phosphorus-doped  silicon  com¬ 
pensated  and  uncompensated  by  constant  boron 
diffusion. 


Part  3 

CHEMICAL  VAPOR  DEPOSITION  OF  SILICON 

K.C.  Saraswat,  R.  Ralf,  T.I.  Kami ns, 
H.M.  Mandurah  and  F.  Mohammad 1 


3.1  INTRODUCTION 

Epitaxial  deposition  of  crystalline  silicon  on  single  crystal  substrates 

o 

Is  heavily  used  In  Integrated  circuit  technologies,  such  as  bipolar,  I  L,  DMOS, 
VMQS,  oxide  Isolation,  and  SOS.  One  of  the  major  areas  In  silicon  epitaxy, 
which  has  been  so  far  relatively  poorly  understood.  Is  dopant  Inclusion.  A 
model  Vor  the  dopant  Inclusion  Into  silicon  epitaxial  films  has  been  developed 
at  the  Stanford  Integrated  Circuits  Laboratory.  The  physlochemlcal  model 
presented  here  describes  the  Incorporation  of  dopant  atoms  Into  silicon  epitaxial 
films  during  deposition  from  a  SiH^-AsH^-Hg  mixture  In  a  horizontal  atmospheric- 
pressure,  epitaxial  reactor.  The  model  considers  a  sequence  of  processes 
occurring  In  the  gas  phase  and  at  the  surface.  In  order  to  properly  describe 
the  doping  process  under  both  transient  and  steady-state  conditions,  mass- 
balance  of  the  As-containing  species  Is  considered  at  each  Important  point  In 
the  epitaxial  system.  The  detailed  representation  of  these  mass-balance 
equation?  Is  obtained,  and  seven  first-order  linear  differential  equations 
containing  the  mathematical  description  of  the  doping  process  result.  In  order 
to  conveniently  handle  this  set  of  equations,  an  equivalent  electric  circuit 
represented  by  an  analogous  set  of  equations  Is  found.  This  RC  circuit 
representation  provides  Insight  Into  the  different  mechanisms  taking  part  In 
the  doping  process  and  their  relative  Importance. 

Both  the  steady-state  and  the  transient  behavior  of  the  epitaxial  doping 
process  predicted  by  the  model  are  then  described  and  compared  to  previously 
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presented  experimental  results  using  the  equivalent  circuit.  In  steady-state 
the  model  indicates  that  the  doping  process  Is  controlled  by  thermodynamics 
at  very  low  growth  rates  and  by  reaction  kinetics  at  high  growth  rates.  The 
decrease  In  the  epitaxial-layer  arsenic  concentration  observed  with  Increasing 
deposition  temperature  at  high  growth  rates  Is  used  to  show  that  the  dominant 
mechanism  occurs  at  the  growing  surface.  According  to  the  model,  at  low  growth 
rates  the  transient  response  Is  controlled  by  the  RC  time  constant  associated 
with  the  relaxation  time  of  the  slowest  step  In  the  kinetic  sequence.  At  high 
growth  rates  It  Is  controlled  by  the  rate  at  which  arsenic  atoms  occupying 
Incorporation  sites  on  the  growing  surface  are  covered  by  subsequently  arriving 
silicon  atoms.  The  decay  time  associated  with  the  transient  Is  Independent  of 
the  growth  rate  at  very  low  rates  and  Is  Inversely  proportional  to  the  growth 
rate  at  high  rates.  In  agreement  with  experimental  results. 

Polycrystalline  silicon  has  been  largely  responsible  for  the  success  of 
silicon-gate  MOS  technology.  Therefore  It  Is  Important  to  understand  the 
deposition  and  doping  of  polycrystalllne  silicon.  Characterization  of  the 
structure  and  stability  of  films  deposited  by  low-pressure  chemical  vapor 
deposition  was  described  In  the  last  year's  final  report  of  this  program  [3.15]. 
In  this  report,  conduction  In  polycrystalllne-slllcon  films  deposited  by  low- 
pressure  chemical  vapor  deposition  has  been  Investigated  and  compared  to  that 
In  films  deposited  at  atmospheric  pressure.  Low-pressure  films  were  deposited 
at  580°  and  620°C  and  doped  with  phosphorus  by  Ion  Implantation.  Films 
deposited  at  620°C  were  polycrystalllne  while  those  deposited  at  580°C  were 
Initially  amorphous  but  crystallized  readily  on  further  heat  treatment.  The 
effect  of  annealing  temperature  on  resistivity  was  studied  In  the  low-pressure 
films  for  two  phosphorus  doses,  and  the  resistivity  was  found  to  decrease  with 
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Increasing  annealing  temperature.  After  annealing  the  films  deposited  at 

580°C  always  had  lower  resistivity  than  did  those  deposited  at  620°C,  with  the 

most  marked  differences  seen  at  lower  annealing  temperatures.  In  a  second 

set  of  experiments,  phosphorus  was  Implanted  with  a  wide  range  of  doses  cor- 

15  20  3 

responding  to  average  dopant  concentrations  of  2  x  10  to  2  x  10  /cm  .  The 

resistivity  was  only  a  slow  function  of  dopant  concentration  below  6  x  10^®/ 

3  18  3 

cm  and  above  2  x  10  /cm  ,  while  In  the  Intermediate  range  slight  changes 

In  concentration  caused  large  changes  In  resistivity.  As  before,  films  deposited 

at  580°C  always  had  the  lowest  resistivity,  especially  In  the  Intermediate 

doping  range.  The  Hall  mobility  was  measured  and  found  to  be  maximum  near  a 

18  3 

dopant  concentration  of  6  x  10  /cm  and  to  decrease  rapidly  at  lower  dopant 
concentrations.  The  observed  behavior  Is  consistent  with  that  expected  from 
a  film  composed  of  small  crystallites  surrounded  by  grain  boundaries  containing 
large  numbers  of  carrier  traps. 

Use  of  sllicldes  of  refractory  metals  to  form  gates  and  Interconnections 
In  M0S  Integrated  circuits  have  been  suggested  because  of  their  higher  conductivity 
as  compared  to  polycrystalline  silicon.  However,  the  compatibility  of  sllicldes 
with  present  processing  technology  has  to  be  investigated  In  detail  before  they 
can  be  used  to  fabricate  Integrated  circuits.  In  this  report  we  have  Investigated 
the  effects  of  high  temperature  annealing  on  the  structure  and  resistivity,  and 
low  temperature  annealing  on  the  stability  of  A1  contacts  to  thin  sputtered 
films  of  WS12*  WSIg/SIOg/SI  and  WS12/poly-Si/S102/S1  structures  were  annealed 
In  N2  In  the  temperature  range  of  500’C  to  1200°C.  Changes  In  the  resistivity 
of  the  WS12  films  due  to  annealing  were  measured  and  related  to  changes  in 
structure  of  the  films  as  determined  by  optical  microscope,  SEM,  and  X-ray 
diffraction  measurements.  The  above  two  structures  were  coated  with  A1  and 
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annealed  In  Ng  In  the  temperature  range  of  400eC  to  700°C  and  stability  of 
AI/HSIg  Interface  was  determined  by  studying  the  structure  of  the  films  using 
the  techniques  listed  above.  From  these  studies,  WS12  appears  to  be  highly 
attractive  to  form  electrode  and  Interconnection  layers  In  Integrated  circuits. 

3.2  A  MODEL  FOR  DOPANT  INCORPORATION  INTO  GROWING  SILICON  EPITAXIAL  FILMS 
3.2.1  Introduction 

Transient  and  steady-state  experimental  studies  of  the  dopant  system 
of  horizontal,  silicon  epitaxial  reactor  have  been  reported  earlier  [3.1-3. 5]. 

One  of  the  objectives  of  that  work  was  to  find  a  transfer  function  relating 
the  time-variation  of  the  Input  dopant  gas  concentration  to  the  spatial - 
variation  of  the  epitaxial -layer  dopant  concentration.  Arsine  (AsH3)  was 
the  dopant  species  considered,  and  silicon  growth  was  from  silane  (SiH^) 

In  a  hydrogen  ambient  In  an  atmospheric-pressure  reactor.  In  this  report, 
a  model  will  be  presented  to  describe  physically  and  mathematically  the 
mechanisms  by  which  dopant  atoms  are  incorporated  Into  growing  SI  epitaxial 
films.  The  model  will  then  be  compared  with  the  experimental  results. 

The  work  presented  In  this  report  was  motivated  by  the  results 
obtained  In  the  transient  study  of  the  doping  process.  As  was  reported  earlier 
[3. 4,3. 5],  after  the  dopant  gas  flow  was  abruptly  changed,  2-3  min  elapsed  before 
a  new  steady-state  condition  was  achieved.  This  time  appears  to  be  too  long 
to  be  associated  with  a  gas-phase  mechanism  (Fig.  3.1).  Tie  time  to  mix  the 
reactant  species  In  the  reactor  plumbing  system  Is  relatively  short,  and 
the  time  spent  In  the  main  gas  stream  of  the  reactor  by  an  element  of  the 
reacting  gas  Is  only  about  4  sec.  On  the  other  hand.  Shepherd  [3.6]  and 
Bloem  [3.7]  have  proposed  that  the  rate-limiting  step  In  the  doping  pro¬ 
cess  Is  the  mass  transport  of  the  dopant  compound  across  the  boundary  layer 
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separating  the  well-mixed  gas  stream  from  the  growing  surface.  These  models 
assume  that  surface  reactions  occur  rapidly  compared  to  mass  transport.  A 
rough  estimate  of  the  associated  diffusion  time  may  be  obtained  from 

t  -  62/[d6x(T/T0)"] 

where  6  Is  the  boundary-layer  thickness,  DQ  Is  the  diffusion  coefficient  of 
AsH3  In  Hg  at  T0  ■  273  K,  T  Is  the  average  boundary-layer  temperature,  and 
m  Is  normally  taken  to  be  between  1.75  and  2.00  [3.8].  With  6  *  0.5  cm, 

0Q  ■  0.31  cm  /sec  [3.8],  T  -  1100  K,  and  m  ■  1.75,  the  resulting  diffusion  time 
Is  0.07  sec,  several  orders  of  magnitude  shorter  than  the  experimentally 
observed  transient  times.  Therefore,  mechanisms  In  addition  to  gas-phase 
processes  (e.g.  mechanisms  occurring  at  the  surface)  should  be  considered  to 
explain  the  relatively  long  transient  times.  It  has  also  been  reported 
[3.4]  that  the  transient  response  Is  a  strong  function  of  the  epitaxial 
growth  rate,  becoming  faster  at  higher  growth  rates.  This  fact  also 
cannot  be  explained  solely  by  gas-phase  processes.  Therefore,  In  order  to 
understand  the  physical  mechanisms  responsible  for  the  transient  behavior, 
the  model  for  the  doping  process  presented  In  this  report  was  developed. 

Although  this  model  Is  analyzed  for  an  atmospheric  system  using  AsH^  as  the 
dopant  source.  It  can  be  readily  extended  to  other  dopant  species  and  reduced- 
pressure  systems. 

The  sequence  of  steps  taking  part  In  the  doping  process  will  be 
described  In  Section  3.2.2.  In  Section  3.2.3  mass-balance  of  the  dopant  species 
Is  applied  at  each  point  In  the  doping  process  In  order  to  obtain  a  set  of 
equations  physically  describing  the  doping  process  under  transient  and 
steady-state  conditions.  In  Sections  3.2.4  and  3.2.5  representative  equations 
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are  derived,  providing  a  mathematical  description  of  the  doping  process. 

Finally,  In  Section  3.2.6  an  equivalent  RC  circuit  representing  the  doping 
process  Is  derived  from  the  equations  obtained  In  Section  3.2.4.  This  circuit 
representation  Is  useful  In  providing  Insight  into  the  mechanisms  oescrlbed  In 
Section  3.2.2  and  assessing  their  relative  Importance. 

In  the  following  sections,  the  equivalent  circuit  will  be  used  to 
study  the  steady-state  and  transient  behavior  of  the  epitaxial  doping  process 
and  to  show  that  the  physlochemlcal  model  developed  In  Section  3.2.2  explains 
the  experimental  behavior  reported  earlier  [3.4].  Steady-state  conditions  will 
be  considered  In  Section  3.2.7,  and  then  the  more  general  time-varying  case 
will  be  discussed  In  Section  3.2.8.  The  equivalent  circuit  will  also  be  used 
In  Section  3.2.9  to  derive  the  "transfer  function"  of  the  dopant  system  [3.4], 
l.e.  an  expression  relating  the  time  variation  of  the  doping  gas  concentration  ' 

to  the  spatial  variation  of  the  epitaxial-layer  dopant  concentration.  The 
expression  obtained  using  the  equivalent  circuit  will  be  shown  to  be  In  agree-  * 

ment  with  the  transfer  function  obtained  experimentally  [3.4]. 

3.2.2  Sequence  of  Steps  In  the  Doping  Process 

The  doping  process  can  be  divided  into  a  number  of  steps  occurring  ^ 

sequentially  [3.9].  A  similar  approach  has  been  taken  by  Faktor  and  Garrett 
[3.10]  and  by  Shaw  [3.11],  among  others.  In  discussing  crystal  growth  from  the 
vapor.  The  present  work  will  consider  mechanisms  occurring  both  In  the  gas 
phase  and  at  the  solid  surface. 

4 

The  sequence  of  steps  occurring  In  the  gas  phase  is  shown  In  Fig. 

3.1.  (1)  Forced-convection  mass  transport  considers  the  transport  of  the 

dopant  compound  (AsH^)  from  the  reactor-tube  entrance  to  the  deposition  region. 

(2)  Boundary- layer  mass  transport  considers  the  transport  of  AsH^  from  the 
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well-mixed  main  gas  stream  through  the  boundary  layer  to  the  growing  surface. 

(3)  Gas-phase  chemical  reactions.  Arsine  (AsHj)  may  dissociate  Into  several 
different  As-containing  species  at  elevated  temperatures.  These  chemical 
reactions  may  occur  throughout  the  boundary  layer,  although  they  are  more 
Important  close  to  the  growing  surface.  Duchemln  [3.12]  showed  that  AsH^  and 
ASH2  are  the  most  abundant  species  above  the  surface,  and  In  the  present  treat¬ 
ment,  these  species  are  taken  to  be  the  most  Important  As-containing  compounds 
just  above  the  gas-solid  Interface.  Other  As-containing  species  such  as  AsH, 

As,  As2  and  As^  may  be  Incorporated  Into  the  analysis  similarly,  but  they  are 
omitted  from  the  present  treatment  for  simplicity. 

The  discussion  of  mechanisms  occurring  at  the  growing  surface  uses 
the  so-called  terrace-ledge-kink  model  [3.13]  for  the  surface  of  a  crystal. 

This  model  divides  the  surface  Into  three  different  types  *  sites:  adsorption 
or  terrace  sites,  step  or  ledge  sites,  and  kink  sites.  In  this  work,  the  lower- 
energy  step  and  kink  sites  will  be  termed  incorporation  sites,  and  atoms  occupy¬ 
ing  those  sites  will  be  called  Incorporated  atoms  to  differentiate  them  from 
atoms  occupying  adsorption  sites,  which  will  be  called  adsorbed  atoms.  The 
sequence  of  steps  occurring  at  the  surface  Is  shown  In  Fig.  3.2.  (4)  Adsorption 

of  the  As-containing  species  at  an  adsorption  site  on  the  growing  surface. 

(5)  Chemical  dissociation  Into  As  and  H  In  the  adsorbed  layer.  At  this  point, 
a  population  of  AsH^,  As,  H,  etc.,  occupies  adsorption  sites,  and  Is  able  to 
move  on  the  surface.  (6)  Surface  diffusion  and  incorporation  of  adsorbed  As 
at  step  and  kink  sites  on  the  surface.  (7)  "Burying”  of  the  Incorporated  As 
by  subsequently  arriving  SI  atoms  during  epitaxial  growth.  (8)  Desorption  of 
hydrogen  from  the  surface.  As  will  be  discussed  In  Section  3.2.5,  the  population 
of  adsorbed  hydrogen  is  assumed  to  be  in  equilibrium  with  the  H2  in  the  gas 
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phase  because  of  the  large  hydrogen  partial  pressure  (approximately  1  atm.). 

The  Importance  of  step  7  to  the  doping  process  should  be  emphasized 
since  It  provides  the  driving  force  for  the  overall  doping  process.  In  the 
absence  of  epitaxial  growth  but  with  a  constant  AsHj  flow,  steps  1-6  will  be 
In  thermodynamic  equilibrium  due  to  the  lack  of  a  surface  "sink"  for  the  adsorbed 
As  atoms.  However,  the  process  of  burying  Incorporated  As  atoms  during  epi¬ 
taxial  growth  has  the  effect  of  unbalancing  the  equilibrium  between  As  atoms 
occupying  Incorporation  sites  and  As  atoms  occupying  adsorption  sites,  thereby 
forcing  a  net  flow  of  adsorbed  As  Into  Incorporation  sites  (step  6)  In  order 
to  approach  equilibrium.  This  In  turn  unbalances  each  of  the  previous  steps 
In  the  doping  process,  so  that  the  burying  of  As  atoms  occupying  Incorporation 
sites  provides  the  driving  force  for  the  doping  process. 

The  rate  at  which  incorporated  As  atoms  are  covered  by  subsequently 
arriving  silicon  atoms  (step  7)  determines  whether  the  doping  process  occurs 
under  quasi-equilibrium  conditions,  or  Is  controlled  by  the  reaction  kinetics. 

If  the  As  atoms  are  covered  very  slowly,  the  doping  process  is  In  quasi -equilibrium. 
If  they  are  rapidly  covered,  reaction  kinetics  dominate.  In  the  latter  case  the 
doping  density  in  the  growing  film  depends  on  the  rate  at  which  the  As  atoms 
arrive  at  the  Incorporation  sites,  which  in  turn  Is  controlled  by  the  slowest 
step  In  the  kinetic  sequence  (steps  1-6).  Note  that  As  does  not  play  an  active 
role  In  step  7,  In  contrast  with  steps  1-6.  Step  7- depends  on  SI  atoms  arriving 
at  Incorporation  sites  and  burying  the  incorporated  As. 

Steps  1-7  occur  consecutively.  Since  the  doping  process  does  not  occur 
under  thermodynamic  equilibrium,  a  net  flux  of  As-containing  species  flows 
through  the  chain  of  steps  and  the  slowest  step  In  the  chain  Is  the  rate- 
limiting  step  [3.10,3.11].  If  the  doping  process  were  controlled  by  thermodynamics. 
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each  of  the  steps  1-7  Mould  be  In  equilibrium,  and  the  flow  of  As-containing 
species  through  the  chain  of  steps  Mould  be  strictly  zero.  It  Mill  be  shOMn 
later  that  at  very  Iom  epitaxial  growth  rates,  the  doping  process  Is  very  near 
equilibrium,  while  at  high  growth  rates,  the  doping  process  Is  klnetlcally  con¬ 
trolled,  and  the  flow  of  As-containing  species  Is  limited  by  one  of  the  steps 
1-6  In  the  sequence. 

3.2.3  Mass  Balance  In  the  Doping  Process 

By  analyzing  the  sequence  of  steps  discussed  above,  a  model  can  be 
derived  to  mathematically  describe  the  doping  process.  Under  steady-state 
conditions,  l.e.  when  the  Input  dopant  gas  flow  Is  constant,  all  of  the  steps 
occur  at  the  same  rate  since  they  are  In  series,  and  the  resulting  dopant 
distribution  In  the  epitaxial  layer  Is  uniform.  However,  when  the  dopant 
gas  flow  is  a  function  of  time,  a  transient  occurs  during  which  all  of  the 
steps  involved  In  the  doping  process  no  longer  occur  at  the  same  rate,  and  the 
correct  physical  picture  Is  properly  described  by  considering  mass-balance  of 
the  As-containing  species  at  each  Important  point  In  the  process.  For  example, 
mass-balance  of  AsH-j  In  some  specified  region  Is  given  by 


/  rate  of  Input  )  - 

[  rate  of  depletion  )  = 

(  rate  of  change  of  ) 

\of  AsH3  / 

\  of  AsH3  / 

\  the  quantity  of  AsH 3/ 

This  approach  was  used  by  Kobayashl  and  Kobayashl  to  describe  the  transient- 
response  method  In  h«terogeneous  catalysis  [3.14].  For  reference  In  later 
sections,  the  equations  for  mass  balance  at  the  Important  points  are  schemat¬ 
ically  outlined  below. 


■  ■-  1 
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Mass-balance  of  AsH3  In  the  main  gas  stream  within  the  deposition  region: 


'rate  at  which 

rate  at  which 

rate  at  which 

rate  of  change 

ASH3  enters  the 

ASH3  leaves  the 

ASH3  leaves  the 

■ 

of  ASH3  concen¬ 

deposition  region 

deposition  region 

main  gas  stream 

tration  In  the 

from  the  Inlet 

to  the  exhaust 

toward  the  wafer 

main  gas  stream 

surface 

within  the  depo¬ 

m  ■ 

- 

- 

sition  region  J 

(3.1) 


Mass-balance  of  AsH-j  just  above  the  gas-solid  Interface: 


»  — 

• 

rate  at  which 

net  rate  of  chemical 

net  rate  of 

rate  of  change 

ASH3  arrives  at 

dissociation  of  ASH3 

adsorption  of 

of  ASH3  concen¬ 

the  gas-solid 

just  above  the  gas- 

ASH3  on  the 

m 

tration  just 

Interface 

solid  Interface 

growing  sur¬ 

above  the  gas- 

-  « 

face 

solid  Interface. 

(3.2) 


Mass-balance  of  AsH3  adsorbed  on  the  surface  (adsorbed  AsH^): 


net  rate  of  adsorption 

net  rate  of  chemical 

•  -  * 

rate  of  change  of  the 

of  ASH3  on  the  growing 
surface 

■> 

dissociation  of 
adsorbed  AsH3 

■ 

■ 

surface  density  of 
adsorbed  AsH3 

(3.3) 


Mass-balance  of  As  adsorbed  on  the  surface  (adsorbed  As): 


net  rate  of  forma¬ 
tion  of  adsorbed  As 


net  rate  of  Incorpor 
atlon  of  adsorbed  As 
Into  step  or  kink 
sites  on  the  surface 


rate  of  change  of  the 
surface  density  of 
adsorbs  As 


(3.4) 
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I 


Mass-balance  of  As  atoms  occupying  incorporation  sites  (incorporated  As): 


net  rate  of  incor¬ 
poration  of 
adsorbed  As  into 
step  or  kink  sites 


rate  of  burying  the 
incorporated  As  atoms 
by  subsequently  arriv¬ 
ing  silicon  atoms 


rate  of  change  of  the 
surface  density  of 
incorporated  As 


(3.5) 


The  following  two  equations  are  analogous  to  Eqs.  (3.2)  and  (3.3),  but 


refer  to  AsH2  instead  of  AsH^: 

Mass-balance  of  AsH2  just  above  the  gas-solid  interface: 


net  rate  of  forma¬ 
tion  of  AsH^  above 
the  gas-solid  inter¬ 
face 


net  rate  of  adsorp¬ 
tion  of  AsH?  on  the 
growing  surface 


rate  of  change  of  AsH- 
concentration  just  above 
the  gas -sol  id  interface 


(3.6) 


Mass-balance  of  AsH2  adsorbed  on  the  surface  (adsorbed  AsH2): 


net  rate  of  adsorp¬ 
tion  of  AsH?  on  the 
growing  surface 


net  rate  of  chemical 
dissociation  of  adsorbed  = 
AsHo 


rate  of  change  of  the 
surface  density  of 
adsorbed  AsH« 


(3.7) 


Under  steady-state  conditions  the  right-hand  side  of  Eqs.  (3. 1 )- (3. 7 ) 
becomes  zero,  and  each  of  the  steps  In  the  sequence  proceeds  at  the  same 
rate. 
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3. 2. 4  Mathematical  Description  of  the  Doping  Process 

In  order  to  obtain  a  mathematical  description  of  the  doping  process, 

a  detailed  representation  of  each  of  the  schematic  equations  outlined  above 

must  be  obtained.  Representative  equations  are  described  in  detail  below,  and 

the  others  are  found  analogously.  First,  rate  equations  for  some  of  the 

mechanisms  shown  in  Figs.  3.1  and  3.2  will  be  derived,  and  then  they  will  be 

used  in  the  corresponding  mass-balance  equation. 

A.  Mass-Balance  of  AsH^  in  the  Main  Gas  Stream  Within  the 
Deposition  Region  [Eg.  3. 1~] 

1.  The  flux  of  AsH^  entering  the  deposition  region  from  the 
inlet  is  given  by: 

N300  x  vH2  x  XAsH3  (3.8) 


where  N^qq  is  the  total  gas-phase  molecular  concentration  per  unit  volume  at 
300  K,  vH  is  the  hydrogen  velocity  at  300  K,  and  is  the  AsH3  molar 

fraction  in  the  main  gas  upstream  of  the  deposition  region.  This  molar  fraction 
can  be  easily  adjusted  by  controlling  the  AsH3  gas  flow.  Similarly,  the  flux 
of  AsH3  leaving  the  deposition  region  toward  the  exhaust  is  given  by 

o 


N300  x  vH,  x  X 


AsH, 


(3.9) 


where  X°  is 
region. 


the  AsH3  molar  fraction  in  the  main  gas  downstream  of  the  deposition 


2.  The  rate  at  which  AsH3  within  the  deposition  region  leaves 
the  main  gas  stream  toward  the  wafer  surface  (rg)  can  be  taken  to  be  proportional 
to  the  AsH3  concentration  gradient  at  the  upper  edge  of  the  boundary  layer. 

Since  the  time  associated  with  changing  the  AsH3  concentration  within  the 
boundary  layer  is  short  compared  to  the  times  of  interest  here  (see  Section  3.2.1), 
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a  constant  gradient  across  the  boundary  layer  may  be  used  In  the  expression 


for  r 2' 


(3.10) 


where  km  Is  the  boundary-layer  mass  transport  coefficient  of  AsH3  In  Hg,  X^sH 

3 

Is  the  average  molar  fraction  of  AsH^  In  the  main  gas  stream  within  the 

deposition  region,  and  X^$H  Is  the  AsH3  molar  fraction  just  above  the  gas-solid 

3 

interface. 

The  molar  fraction  of  AsH^  In  the  main  gas  stream  within  the 

deposition  region  Is  a  function  of  position  due  to  diffusion  to  AsH3  toward 

the  susceptor.  Nevertheless,  under  the  deposition  conditions  typically  used 

[3.4],  less  than  5%  of  the  Incoming  AsH3  molecules  take  part  In  the  doping  process. 

Therefore,  an  average  AsH3  molar  fraction  (X^  )  Independent  of  position  can 

3 

be  used  without  causing  serious  error. 

3.  The  rate  of  change  of  AsH3  concentration  In  the  main  gas 
stream  within  the  deposition  region  Is  given  by 


(3.11) 


where  L  Is  the  length  of  the  susceptor,  and  Ny  Is  the  total  molecular  concen¬ 
tration  per  unit  volume  In  the  main  gas  stream  within  the  deposition  region, 
which  Is  at  a  temperature  T. 

4.  By  substituting  Eqs.  (3.8),  (3.9),  (3.10),  and  (3.11), 

Into  Eq.  (3.1)  and  using  the  fact  that  YA$H  *  xj|$H  ,  an  equation  describing 

3  3 

the  mass  balance  of  AsH3  In  the  main  gas  stream  within  the  deposition  region 
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Is  obtained 


(3.12) 


B.  Mass-Balance  of  AsHs  Just  Above  the  Gas-Solid  Interface 

Bjsm  —  - — 

1.  As  explained  In  the  previous  section,  for  the  times  of 
interest  the  concentration  gradient  Is  approximately  constant  throughout  the 
boundary  layer,  and  the  rate  at  which  AsHj  arrives  at  the  gas-solid  Interface 
Is  nearly  the  same  as  the  rate  at  which  AsH^  leaves  the  main  gas  stream  toward 
the  wafer  surface  [Eq.  (3.10)]. 

2.  As  stated  previously,  the  only  gas-phase  chemical  reaction 
that  will  be  considered  Is  the  dissociation  of  AsH3  Into  AsH^ 


It 

AsH3(9>  AsH2(g)  +  ^H2(g)  K,  - 

V3 


(*ASH2  x  \) 


X  p 

'  u 


/asH3x  \) 


kf3 

*5 


(3.13) 


where  K3  Is  the  equilibrium  constant  for  the  chemical  reaction,  xj^  Is  the 

AsH2  molar  fraction  just  above  the  gas-solid  Interface,  Pu  Is  the  hydrogen 

h2 

pressure  (1  atm.),  and  k^3  (kr3)  Is  the  forward  (reverse),  first-order,  reaction 
rate  constant  for  the  chemical  reaction.  It  will  be  assumed  that  the  reactions 
Involved  In  the  doping  process  are  reversible,  and  that  the  forward  and  reverse 
reaction  rates  are  first  order  with  respect  to  reactants  and  products. 

The  net  rate  of  chemical  dissociation  of  AsH3  into  AsHg  just 
above  the  gas-solid  Interface  r3  Is  given  by  the  difference  between  the  rate 
of  the  forward  (r^3)  and  the  reverse  (rf3)  reactions 


(3.14) 


s  s 

r3  “  rf3  '  rr3  "  kf3  *  XAsH3  "  kr3  X  XAsH2 


(Pu  *  1  atm.  Is  omitted  for  simplicity  in  most  of  the  equations.)  If  the 
h2 

chemical  reaction  Is  In  thermodynamic  equilibrium,  i.e.  if  the  gas-phase  AsHj 
concentration  is  in  equilibrium  with  the  gas-phase  AsH2  concentration,  then 

rf3  =  rr3*  and  r3  =  °* 

3.  The  net  rate  of  adsorption  of  AsH3  on  the  growing  surface 
can  be  analyzed  similarly.  In  the  adsorption  process,  an  AsH3  molecule  in  the 
gas-phase  finds  a  vacant  adsorption  site  on  the  growing  surface  and  occupies 
it  for  a  certain  length  of  time 


(3.15) 


where  s  represents  a  vacant  adsorption  site  on  the  surface,  AsH3-s  represents 
an  AsH3  molecule  occupying  an  adsorption  site,  is  the  equilibrium  constant 


for  the  adsorption  reaction. 


is  the  fraction  of  adsorption  sites  occupied 


by  AsH3  molecules,  N$  is  the  surface  density  of  adsorption  sites  (occupied 


and  unoccupied)  per  unit  area,  8  is  the  fraction  of  adsorption  sites  which  are 


vacant,  and  kf4  and  kr4  are  the  corresponding  forward  and  reverse  reaction  rate 
constants,  respectively. 


The  rate  of  adsorption  r^4  is  proportional  to  the  number  of 
AsH3  molecules  just  above  the  gas-solid  interface  and  the  fraction  of  the 
surface  available  for  adsorption,  while  the  rate  of  desorption  rf4  is  proportional 
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to  the  amount  of  AsH^  present  on  the  surface.  The  net  rate  of  adsorption  of 
AsHg  on  the  growing  surface  is  then 


r4  "  rf4  -  rr4  "  kf4  x  XAsH3  x  6  “  kr4  x  6AsH3  1  (3.16) 


4.  The  rate  of  change  of  AsH3  concentration  just  above  the 
gas-solid  interface  is  given  by 


ex  Ny. x 


d  X 


AsH. 


dt 


(3.17) 


where  e  x  Nyi  is  the  total  number  of  molecules  per  unit  area  in  a  thin  layer 
thickness  e  at  temperature  T'  just  above  the  gas-solid  interface. 

5.  By  substituting  Eqs.  (3.10),  (3.14),  (3.16),  and  (3.17) 
into  Eq.  (3.2),  an  equation  is  obtained  which  mathematically  describes  the  mass* 
balance  of  AsH3  just  above  the  gas-solid  interface 


C.  The  mathematical  representation  of  Eqs.  (3.3),  (3.4),  (3.6), 
and  (3.7)  can  be  derived  by  applying  the  same  techniques  used  above  for  Eq. 
(3.2)  [3.15],  and  the  chemical  reactions  and  mass-balance  equations  are  sum¬ 
marized  without  detailed  derivation  in  Appendix  A. 

D.  Mass-Balance  of  As  Atoms  Occupyinq  Incorporation  Sites 
[Eq.  (3.5)] 

This  equation  will  be  derived  because  it  is  slightly  different 
from  the  mass-balance  expressions  considered  above. 
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1.  The  net  rate  of  Incorporation  of  adsorbed  As  Into  step 


or  kink  sites  on  the  surface  Is  given  by  (see  Appendix  A) 


kf6  x  0As  -  kr6  x  0As  x  Ns 


(3.19) 


where  aAs  Is  the  fraction  of  Incorporation  sites  occupied  by  As  and  N*  Is  the 
surface  density  of  Incorporation  sites. 

2.  The  rate  at  which  the  Incorporated  As  atoms  are  covered  by 
subsequently  arriving  SI  atoms  Is  given  by 


r7  “  9  x  NAs  (3.20) 

where  g  Is  the  epitaxial  growth  rate,  and  NAs  Is  the  As  concentration  In  the 
epitaxial  film.  During  epitaxial  growth,  the  As  concentration  In  the  film  Is 
proportional  to  the  density  of  As  atoms  occupying  the  Incorporation  sites,  l.e. 


As-s^+  s*  - *  As(ss)  +  s^  K, 

X’  -  / 


“As 

_  kH  x  NAs 

(aL x  ns  ) 

(•*»  x  Ks) 

(3.21) 

where  As-s1  represents  an  As  atom  occupying  an  Incorporation  site,  aAs  Is  the 
activity  of  As  In  the  solid  solution,  and  kH  Is  Henry's  constant.  Equation 
(3.21)  arises  since,  when  a  SI  atom  "buries"  an  Incorporated  As  atom,  a  new 
Incorporation  site  Is  generated.  By  using  Eq.  (3.21)  In  Eq.  (3.20) 


1  1  K7 

r7  *  9  x  s»s  x 


(3.22) 


3.  By  substituting  Eqs.  (3.19)  and  (3.22)  Into  Eq.  (3.5), 
the  following  mass-balance  equation  results 
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(kf6 


X  8 


As 


-  kr6  X  0As 


x  N.  x  e 


)-( 


9  X  ®As  X  Ns 


5 


) 


N1  X  d0As 

Ns  x~ar 


(3.23) 


where  the  expression  to  the  right  of  the  equality  sign  represents  the  rate  of 
change  of  the  surface  density  of  Incorporated  As. 

In  this  section  rate  equations  for  the  mechanisms  shown  In 
Figs.  3.1  and  3.2  were  derived  and  then  used  In  the  schematic  mass-balance 
equations  outlined  In  Section  3.2.3.  The  result  Is  a  set  of  seven,  first  order, 
linear  differential  equations  containing  the  mathematical  description  of  the 
doping  process.  As  Is  shown  In  Sections  3.2.7  and  3.2.8,  these  equations  can 
be  used  to  explain  both  the  steady-state  dopant  concentration  In  the  epitaxial 
film  as  a  function  of  gas-phase  dopant  molar  fraction,  epitaxial  growth  rate, 
and  temperature,  and  also  the  transient  response  of  the  dopant  system  and  Its 
growth-rate  dependence  [3.4].  They  can  also  be  used  to  derive  the  "transfer 
function"  of  the  dopant  system  (Section  3.2.9)  [3. 2,3. 4]. 

In  order  to  see  the  significance  of  the  various  mechanisms 
entering  Intc  the  doping  process k  an  equivalent  electric  circuit  representing 
the  doping  process  will  be  derived  In  Section  3.2.6. 

3.2.5  Determination  of  8  and  8u 

During  epitaxial  growth,  the  adsorption  sites  on  the  growing  surface 
are  occupied  by  several  species:  H,  S1H4,  SI,  AsH3,  AsH2,  and  As.  The  fraction 
of  adsorption  sites  that  remains  vacant  Is  given  by 

8  -  1  -  8h  -  0S1H^  -  0si  -  0^  -  0AsH2  -  0As  (3>24) 
Under  normal  operating  conditions  In  the  atmospheric-pressure  system 
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under  consideration,  the  Input  partial  pressures  of  the  relevant  species 

•a  1  a 

are  [3.4]  PsiH  -  10"  atm.,  PA$H  -  10"  atm.,  and  PH  »  1  atm.  Therefore, 
It  Is  not  unreasonable  to  assume  that  the  population  of  hydrogen  In  the 
adsorbed  layer  Is  much  larger  than  the  population  of  any  other  species,  so 
that  Eq.  (3.24)  can  be  approximated  by  0  *  1  -  eH.  For  the  same  reason.  It 
can  be  assumed  that  the  population  of  hydrogen  In  the  adsorbed  layer  Is  In 
thermodynamic  equilibrium  with  the  hydrogen  atmosphere,  so  that  6^  can  be 
assumed  to  be  Independent  of  PsjH  and  PA$H  .  (Note  that  these  two  assumptions 
do  not  hold  for  low-pressure  systems. ) 

The  desorption  of  hydrogen  can  be  analyzed  as  follows 


h-s  - -  _  1  j  ^(9)  +  s 


*8 


PH2  *  t0xNs> 

(9hxNs) 


(3.25) 


Since  0H 


is  In  thermodynamic  equilibrium  with  Pu 

h2 


»„  x  0 

"2  _  0  _  1 
“S - 


(3.26) 


3.2.6  Circuit  Representation  of  the  Doping  Process 

In  Section  3.2.4,  a  set  of  seven,  first  order,  linear  differential 
equations  containing  the  mathematical  description  of  the  doping  process  was 
derived.  One  convenient  way  to  gain  Insight  Into  the  relative  Importance  of 
the  processes  represented  by  this  set  of  equations  Is  by  studying  an  equivalent 
electric  circuit  represented  by  an  analogous  system  of  equations.  An  R-C 
circuit  corresponding  to  the  set  of  equations  derived  for  the  doping  process 
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Is  shown  In  Fig.  3.3.  Each  "resistor"  represents  the  Impedance  presented  by 
one  of  the  mechanisms  entering  Into  the  doping  process,  and  the  "current" 
represents  the  net  flow  of  As-containing  species.  The  "voltage"  which  drives 
the  current  through  the  network  of  resistors  represents  the  driving  force  for 
the  doping  process,  which  Is  supplied  by  the  dopant  molar  fraction  present  In 
the  main  gas  stream.  The  "capacitors"  account  for  the  accumulation  of  dopant 
species  at  various  locations  during  transients. 

In  order  to  find  the  circuit  representing  the  doping  process  from 
the  system  of  equations  derived  In  Section  3.2.4,  each  of  the  seven  differential 
equations  can  be  rearranged  Into  an  equation  resembling  one  associated  with 
an  electric  circuit.  As  an  Illustration,  the  circuit  elements  corresponding 
to  Eq.  (3.18)  will  be  derived.  The  same  method  can  be  applied  to  each  of  the 
other  six  differential  equations  to  obtain  the  circuit  shown  in  Fig.  3.3. 

Equation  (3.18)  is  rewritten  below  In  a  more  compact  form 

r2  -  r3  *  r4  * ex  Nr x  Irr  0.27) 


where  r2>  r3,  and  r4  are  given  by  Eqs.  (3.10),  (3.14),  and  (3.16),  respectively, 

and  Xs  =  xJsH  .  The  subscript  "AsH3"  In  this  and  the  following  equations  are 
3 

omitted  for  simplicity,  and  all  unsubscrlpted  quantities  refer  to  AsH 3- 

The  expression  for  r2  [Eq.  (3.10)]  does  not  require  any  rearrangment. 
In  order  to  place  the  expressions  for  r3  and  r4  In  a  useful  form,  all  As- 
containing  species  must  be  expressed  In  terms  of  molar  fractions  X  of  AsH3 
analogous  to  voltages.  From  Eqs.  (3.14)  and  (3.13) 


r3 


t3 


(3.28) 
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which  can  be  rewritten  as 


r3  -  k 


f3  x[ 


s  e 
X  -  (X)Y 


(3.29) 


1  » 

=  _L  ¥  ¥ 

-  K,  AAsH, 


(3.30) 


From  Eq.  (3.13),  which  relates  the  equilibrium  constant  of  the 
reaction  to  the  equilibrium  molar  fractions  of  AsH^  and  AsH2,  (X)^sH  Is 
defined  as  the  AsH^  molar  fraction  that  would  be  in  equilibrium  with  x|sH 
If  the  reaction  were  In  thermodynamic  equilibrium.  Although  both  Xs  and 

A  C 

(X)Xash  refer  to  AsH3,  X  Is  the  actual  molar  fraction  of  AsH^  just  above 
the  Interface,  while  (X)®AsH  Is  obtained  from  Eq.  (3.30)  using  the  actual 
molar  fraction  of  AsH2.  In  general,  Xs  f  (x)xAsH2;  they  become  e<lual  on1y 
when  the  dissociation  reaction  is  at  thermodynamic  equilibrium.  The  term  In 
brackets  In  Eq.  (3.29)  indicates  how  far  the  reaction  is  from  equilibria,  and 
represents  the  driving  force  which  forces  the  reaction  back  toward  equilibrium. 

The  equation  representing  r^  can  be  rearranged  In  an  analogous 
manner.  From  Eq.  (3.16)  and  »  k^/k^ 

r4  .  kf4  X  6  X  [xS  -  i  X  .  kflxexj’xS-(*)'AsHJ  (3.31) 


e  ,  AsH, 
)  ~  — L.  v  ^ 
0AsH3  ■  X4  6 


(3.32) 


Fran  Eqs.  (3.15)  and  (3.32),  (X)®AsH  Is  defined  as  the  AsH3  molar  fraction 

3 

that  would  be  In  equilibrium  with  0AsH  If  the  adsorption  process  Mere  In  thermo- 

3 

dynamic  equilibrium. 

By  substituting  Eqs.  (3.10),  (3.29),  and  (3.31),  Into  Eq.  (3.27), 
the  mass-balance  of  AsH3  just  above  the  gas-solid  Interface  can  be  expressed  as 

s 


l^xfx-x)-  kf3x(x  -  (X^sHg)  “  kf4x  9  X(x  ‘  WeAsH-)  ■  exNT' 


Y  dX 
%St 


(3.33) 


Equation  (3.33)  can  also  be  written  as 


r-x5  11  '(>)«a»h2 

Ro  R, 


(X) 


0AsH 


3  r  „  dX 

“  C2  X  St 


(3.34) 


where  1/R2  =  km,  1/R3  =  kf3>  1/R4  =  kf4  x  0,  and  C2  =  e  x  lip .  Equation  (3.34) 
relates  the  mass-balance  equation  to  an  equivalent  electric  circuit  with  R’s 
representing  resistors,  C's  representing  capacitors,  and  X’s  analogous  to  voltages, 
as  shown  In  Fig.  3.4.  Each  resistor  corresponds  to  one  mechanism  In  the  doping 
process,  and  each  node  In  the  circuit  represents  a  physical  location  In  the 
dopant  system.  The  voltage  at  each  node  Is  equivalent  to  the  gas-phase  AsH3 
molar  fraction  which  would  exist  In  equilibrium  with  the  As-containing  species 
at  that  point.  For  example,  the  upper-right  node  corresponds  to  AsH0  In  the 
adsorbed  layer,  and  the  voltage  at  this  node  Is  analogous  to  the  AsH3  molar 
fraction  In  equilibrium  with  eA$H  .  Current  through  a  resistor  is  analogous 
to  the  net  reaction  rate  of  the  step  associated  with  that  resistor.  In  thermo¬ 
dynamic  equilibrium,  J  •  Xs  ■  (X)®AsH  *  (X)®A!jH  ,  and  no  current  flows  through 
the  resistors.  The  capacitors  Incorporate  time-varying  effect  related  to  the 
accumulation  of  dopant  species,  e.g..  In  a  transition  from  one  steady-state 
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operating  condition  to  another,  they  account  for  the  time  required  for  the 
population  of  the  As-containing  species  at  each  point  In  the  dopant  system  to 
attain  Its  new  steady-state  value. 

By  applying  the  method  above,  each  of  the  seven  differential 
equations  can  be  restated  In  a  form  associated  with  an  equivalent  circuit  similar 
to  that  shown  In  Fig.  3.1.  The  resulting  equations  are  summarized  In  Appendix  B. 
Each  equation  Is  analogous  to  that  describing  one  node  of  an  equivalent  circuit, 
and  the  elements  surrounding  each  node  may  be  assembled  Into  one  overall  equi¬ 
valent  circuit  as  shown  In  Fig.  3.5.  Since  each  node  corresponds  to  one  point 
In  the  doping  process.  It  Is  associated  with  one  As-containing  species  (c.f. 

Fig.  3.3);  (X)®  Is  the  AsH^  molar  fraction  corresponding  to  the  As-containing 
species  associated  with  the  1tfl  node. 

Some  of  the  analogies  mentioned  above  between  kinetic,  thermodynamic, 
and  circuit  terms,  may  be  easier  to  understand  with  the  aid  of  Figs.  3.6  and 
3.7,  which  refer  to  one  mechanism  (In  this  case,  adsorption  of  AsH3).  The 
circuit  representation  of  the  forward  reaction  rate  rf4,  reverse  reaction  rate 
rp4  (desorption  of  AsH^),  and  net  reaction  rate  r^  are  shown  In  Figs.  3.6a,  b, 
and  c,  respectively.  Note  the  direction  of  the  current  and  the  applied  voltage 
In  each  case.  In  Fig.  3.7,  the  length  of  the  arrows  is  proportional  to  the 


corresponding  reaction  rate  ( 1 . e.  current  through  the  resistor).  Three  cases 

are  shown;  (a)  Xs  -  (X)qAsH  ;  the  forward  reaction  rate  Is  equal  to  the 

3 

reverse  reaction  rate  and  the  net  reaction  rate  is  zero:  equilibrium. 


<">  XS  i  <X>9AsH3' 


the  forward  reaction  rate  Is  slightly  larger  than  the  reverse 


reaction  rate,  and  both  are  much  larger  than  the  net  reaction  rate:  quasi- 


equilibrium. 


(c)  Xs »  (x)|AsH  s 


the  forward  reaction  rate  Is  much  larger  than 


the  reverse  reaction  rate.  Indicating  that  the  resistor  represents  a  kinetic 


limitation  to  the  net  reaction  rate:  kinetic  control. 
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In  the  overall  circuit  of  Fig.  3. 5,  the  time  constants  Rj  x 
correspond  to  the  relaxation  time  of  the  I**1  step  In  the  doping  process.  For 
example,  R^  x  C4  corresponds  to  the  relaxation  time  of  the  adsorption  of  AsH^ 
on  the  growing  surface.  Table  3.1  shows  the  physlochemlcal  mechanism  corre¬ 
sponding  to  each  resistor  and  the  location  In  the* epitaxial  system  corresponding 
to  each  capacitor. 

Under  steady-state  conditions  (l.e.  for  a  constant  X*),  the  right- 
hand  sides  of  Eq.  (3.34)  and  the  corresponding  equations  for  the  other  nodes 
(Appendix  B)  are  equal  to  zero;  hence  the  capacitors  disappear  from  the  circuit, 
and  the  equivalent  circuit  reduces  to  the  steady-state  representation  shown  In 
Fig.  3.8. 

The  current  r7  In  Figs.  3.5  and  3.8  represents  the  actual  flow  of 

As  atoms  Into  the  growing  epitaxial  film.  In  theabsenceof  epitaxial  growth 

(l.e  when  g  ■  0),  R7  *  kH/(g  *  Kp)  =  ®  and  n0  current  flows  in  the  circuit  for 

a  constant  X*.  The  voltage  (X)e.  Is  then  equal  to  X^,  which  Indicates  that 

e’As 

the  system  Is  In  equilibrium;  l.e.  the  As  population  at  the  surface  Is  In 

equilibrium  with  the  AsH^  present  In  the  gas  phase.  On  the  other  hand,  during 

epitaxial  growth  (X)  .  falls  below  X  ,  providing  the  driving  force  for  the 

e^s 

flow  of  net  dopant  atoms  Into  the  growing  film.  This  "current"  Is  limited  by 
the  largest  resistor  In  the  sequence,  and  the  doping  process  Is  then  controlled 
by  the  reaction  kinetics. 

3.2.7  Steady- State 

The  term  "steady- state"  will  be  used  to  describe  the  condition  for 
which  the  Input  dopant  molar  fraction  has  remained  unchanged  for  at  least 
several  decay  times  of  the  dopant  system  [3.2].  For  this  case  the  equivalent 
circuit  of  Fig.  3.5  reduces  to  that  shown  In  Fig.  3.8.  Resistors  R^-Rg 
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represent  the  kinetic  limitation  presented  by  the  corresponding  physlochemlcal 
mechanism,  and  the  capacitors  Incorporate  time-varying  effects  related  to  the 
accumulation  of  dopant  species  at  various  locations  In  the  epitaxial  system. 

In  the  equivalent  circuit  of  Fig.  3.8,  force-convection  mass  transport  Is 
represented  by  R-j,  boundary- layer  mass  transport  by  R2,  gas-phase  chemical 
reactions  by  R^,  adsorption  of  AsH3  ( AsH2 )  on  the  growing  surface  by  R^  (R^,), 
surface  chemical  dissociation  of  AsH^  (AsH2  by  Rg  (Rg,),  surface  diffusion 
and  site  Incorporation  of  arsenic  atoms  by  Rg,  and  the  burying  of  arsenic 
atoms  at  Incorporation  sites  by  silicon  atoms  during  epitaxial  growth  of  R^. 

Each  node  In  the  circuit  represents  a  physical  location  In  the  dopant  system, 
and  the  voltage  at  each  node  Is  equivalent  to  the  gas-phase  AsH3  molar  fraction 
which  would  exist  In  equilibrium  with  the  arsenic-containing  species  at  that 
point. 

This  circuit  Indicates  the  two  parallel  paths  for  the  flow  of 
arsenic-containing  species  towards  the  growing  film  which  arise  because  of  AsH^ 
dissociation  above  the  gas-solid  Interface.  The  AsH3  path  (R^  and  Rg)  represents 
AsH^  adsorption  on  the  surface  and  decomposition  In  the  adsorbed  layer,  while 
the  AsH2  path  (R3,  R^, ,  Rg, )  describes  gas-phase  dissociation  of  AsH3  (primarily 
Into  AsH2),  adsorption  of  AsH2  on  the  surface,  and  further  decomposition  In 
the  adsorbed  layer.  Both  branches  contribute  to  the  flow  of  arsenic  atoms 
Into  Incorporation  sites  (current  through  Rg).  The  largest  contribution  to 
the  total  flow  Is  provided  by  the  path  with  the  lowest  resistance.  To  simplify 
the  analysis  the  AsH2  path  Is  assumed  to  be  dominant  (Fig.  3.9)  because  It 
contains  all  of  the  possible  mechanisms  Involved  In  the  doping  process,  wh11?» 
the  resistor  R3,  representing  the  gas-phase  dissociation  of  AsH3,  Is  absent 
from  the  AsH3  path.  Analogous  results  can  be  obtained  for  the  more  general  case. 
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which  Includes  both  the  AsH2  path  and  the  slmpller  AsH3  path. 

Fran  Fig.  3.10  the  dopant  concentration  In  the  epitaxial  film 
can  be  related  to  the  Input  AsH3  molar  fraction  X*  by  using  coninon  circuit 
techniques 

(XVas  *  ^+VXXi  (3.35) 

where 

R  2  R,  +  R2  +  R3  +  R4,  +  Rg i  +  Rg  (3.36) 

describes  the  overall  limitation  Imposed  by  the  kinetic  sequence,  steps  1-6 

in  the  doping  process  [3.16].  Equation  (3.35)  relates  the  steady-state  Input 

AsH3  molar  fraction  X1  to  the  gas-phase  AsH,  molar  fraction  (X)e.  that  would 
^  ^  0  *  As 

be  In  equilibrium  with  the  arsenic  atoms  occupying  the  Incorporation  sites. 

It  is  obvious  from  Eq.  (3.35)  that  X1  >  (X)e,  in  steady-state.  From  Eq.  (B.12) 

e’As 

e  ku  x  N. 

(X)  -  %  *3.  (3.37) 

e^s 

Equation  (3.37)  arises  because  (X)e.  Is  proportional  to  the  population  of 

0  As  >  , 

arsenic  atoms  occupying  Incorporation  sites  (N^  x  eA$),  which  In  turn  Is 

proportional  to  NAs*  Therefore,  to  obtain  "As  It  Is  only  necessary  to  calculate 

the  "voltage"  (X)6,  .  From  Eqs.  (3.35)  and  (3.37), 

0tAs 

R7  kd  i 

"as  ■  ims;  x  *  x1  »•*) 

which  relates  the  dopant  concentration  NAs  In  the  epitaxial  film  to  the  Input 
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arsine  molar  fraction  through  kinetic  and  thermodynamic  parameters.  Since 
Rj  Is  a  function  of  the  epitaxial  growth  rate  [Eq.  (B.21)]  while  R  Is  Independent 
of  It,  two  limiting  regions  of  operation  can  be  described  depending  on  the 
growth  rate. 

1.  Low  growth-rate  region.  At  very  low  growth  rates 
R7  *  x  >>  R*  and  (3*38)  reduces  to 


As 


Xp 

i r x 

H 


(3.39) 


Equation  (3.39)  Indicates  that  at  very  low  growth  rates,  the  dopant  concentration 

In  the  epitaxial  film  Is  Independent  of  the  growth  rate  and  Is  controlled  by  the 

thermodynamics  of  the  overall  doping  reaction  [see  Eq.  (B.29)].  From  Eq.  (3.35) 

(X)*  «  X1,  Implying  that  very  little  current  flows  in  the  circuit  of  Fig.  3.9, 

0  As 

again  emphasizing  the  Importance  of  thermodynamics.  The  lack  of  dependence  of 
dopant  concentration  on  growth  rate  Is  consistent  with  the  experimental  data 
presented  In  Fig.  3.10  [3.4],  which  shows  that  at  growth  rates  lower  than  about 
0.5  pm/mln  the  arsenic  concentration  In  the  epitaxial  film  tends  to  became 
constant.  Independent  of  the  growth  rate.  The  value  of  Kp/kH  can  be  obtained 
by  extrapolating  the  results  shown  In  Fig.  3.10  to  zero  growth  rate  to  get  Nfts 
at  thermodynamic  equilibrium.  This  number  Is  then  used  In  Eq.  (3.39)  to  obtain 
Kp/kH  s  3.8  x  1025  cm"3  for  X1  -  6.2  x  10"10  and  T  -  1050°C  In  the  S1H4/AsH3 
epitaxial  system  studied. 

2.  High  growth-rate  region.  At  high  growth  rates  Rj  ■  kH/(g  x  Kp)  «  R, 
and  Eq.  (3.38)  reduces  to 


"As 


*7  KP  J 

aTxT^xX 


(3.40) 
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By  substituting  the  expression  for  R7  Into  Eq.  (3.40), 


NAs  “  gTir  x 


(3.41) 


Equation  (3.41)  Indicates  that  at  high  growth  rates  the  doping  density  In  the 

epitaxial  film  Is  Inversely  proportional  to  the  epitaxial  growth  rate.  This 

agrees  with  the  results  presented  In  Fig.  3.10,  which  show  that  at  growth  rates 

higher  than  approximately  0.5  ym/mln  the  arsenic  concentration  In  the  film  Is 

proportional  to  the  reciprocal  of  the  growth  rate.  From  Eq.  (3.35)  (X)e.  «  X1, 

9'As 

and  the  current  In  the  circuit  of  Fig.  3.9  Is  limited  by  the  chain  of  resistors 
representing  steps  1-6  of  the  doping  process;  l.e.  the  doping  process  Is  con¬ 
trolled  by  the  reaction  kinetics.  If  one  of  the  resistors  forming  R  Is  much 
larger  than  the  others,  the  current  flowing  In  the  circuit  for  a  given  X^  will 
be  controlled  mainly  by  that  resistor,  and  most  of  the  "voltage"  available  will 
be  dropped  across  It.  The  kinetic  process  represented  by  the  resistor  will 
then  be  the  rate-limiting  step.  There  will  be  little  voltage  drop  across  any 
of  the  other  resistors.  Indicating  that  the  other  steps  in  the  doping  process 
are  near  equilibrium.  In  this  case  the  forward  reaction  rate  of  the  other 
steps  Is  only  slightly  larger  than  the  reverse  reaction  rate,  both  being  much 
larger  than  the  net  reaction  rate.  The  value  of  R  can  be  obtained  by  fitting 
Eq.  (3.41)  to  the  data  of  Fig.  3.10  to  find  that  R  ■  1.9  x  10”^ 9  cm** sec  for 
X1  •  6.2  x  10’10  and  T  -  1050°C. 

After  some  mathematical  manipulation,  Eq.  (3.38)  can  be  written  as 


g  +[R  (Kp/kH)| 


'  i  .■  .  .«  v 


(3.42a) 


4 


and  after  substituting  the  values  found  above,  the  equation  describing  the 
data  of  Fig.  3.10  Is  obtained 


"As 


5.2  x  IQ18  x  X1  cm-3 
g  +  1.4  x  10-7 


(3.42b) 


with  g  In  cm/sec. 

A.  Potential  and  Reaction  Rates  In  the  Doping  Process 

Figure  3.11  shows  schematically  the  potential  available  to  drive 
the  dopant  species  towards  the  growing  film  at  low  and  high  growth  rates.  At 
very  low  growth  rates  (Fig.  3.11a)  little  potential  Is  dropped  across  the  kinetic 
chain  because  the  rate  at  which  silicon  atoms  bury  arsenic  atoms  during  epitaxial 
growth  Is  too  low  to  cause  significant  departure  from  equilibrium.  At  very  high 
growth  rates,  however,  the  arsenic  atoms  are  covered  rapidly,  equilibrium  no 
longer  exists,  and  almost  all  the  available  potential  will  be  dropped  across 
the  slowest  step  In  the  sequence.  As  an  example.  Fig.  3.11b  depicts  the  situation 
assuming  AsH2  adsorption  on  the  growing  surface  to  be  the  rate-limiting  step, 
with  all  other  kinetic  steps  near  equilibrium.  Figures  3.12a  and  3.12b  show 
the  forward  and  reverse  reaction  rates  r^  and  rf  for  each  step  In  the  doping 
process  corresponding  to  the  potential  diagrams  In  Figs.  3.11a  and  3.11b, 
respectively.  The  length  of  each  arrow  Is  proportional  to  the  corresponding 
reaction  rate.  In  Fig.  3.12a  the  forward  and  reverse  reaction  rates  of  each 
kinetic  step  are  both  much  larger  than  the  net  Incorporation  rate  r7.  In  Fig. 
3.12b  this  Is  no  longer  true  for  the  rate  limiting  step  r^, ,  In  which  the  forward 
reaction  rate  Is  much  larger  than  the  reverse  reaction  rate  and,  therefore, 
almost  equal  to  the  net  Incorporation  rate.  As  explained  In  Section  3.2.2,  the 
rate  r7  at  which  silicon  atoms  bury  arsenic  atoms  during  epitaxial  growth 
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determines  whether  the  doping  process  Is  near  thermodynamic  equilibrium  (Fig. 
3.12a)  or  Is  controlled  by  the  kinetics  of  a  rate-limiting  step  (Fig.  3.12b). 

In  this  example,  the  dopant  Incorporation  rate  ry  cannot  exceed  r^,.  It  can 
be  anywhere  between  zero  and  r^( ,  depending  on  the  growth  rate. 

It  Is  Important  to  distinguish  the  physical  nature  of  the 
chain  of  resistors  R^-Rg  from  that  of  resistor  Ry  In  the  circuit  of  Fig.  3.9. 

The  arsenic-containing  species  play  tie  active  role  In  steps  1-6  of  the  doping 
process,  while  they  play  a  passive  role  In  step  7.  In  this  step  the  active 
role  Is  played  by  the  silicon  atoms  which  cover  arsenic  atoms  occupying  Incor¬ 
poration  sites.  Resistors  R^-Rg  represent  kinetic  limitations  to  the  flow  of 
arsenic-containing  species  toward  Incorporation  sites,  while  resistor  Ry 
represents  a  thermodynamic  limitation.  Therefore,  the  "potential"  drop  across 
Ry  Is  not  of  the  same  nature  as  the  potential  drop  across  any  of  the  resistors 
Rj-Rg.  The  latter  potential  drop  Is  that  required  to  drive  the  dopant  species 
across  the  kinetic  limitation  represented  by  the  resistors  R^-Rg.  The  former 

Is  a  thermodynamic  potential,  and  provides  the  "reference"  potential  (X)e.  . 

e'As 

As  Indicated  by  Eq.  (3.35),  a  slow  burying  rate  (low  growth  rate)  provides  a 

high  reference  potential,  and  little  potential  Is  left  to  drive  the  dopant  species 

toward  Incorporation  sites:  X1  -  (X)e,  a  0.  On  the  other  hand,  a  fast  burying 

e’As 

rate  (high  growth  rate)  reduces  the  reference  potential,  and  almost  all  the 

potential  provided  by  X^  will  be  available  to  drive  the  dopant  species  toward 

Incorporation  sites:  X1  -  (X)e,  a  X1.  This  distinction  between  the  "kinetic" 

e'As 

resistors  R^-Rg  and  the  "thermodynamic"  resistor  Ry  will  be  particularly  useful 
In  the  discussion  of  the  transient  behavior  of  the  dopant  system  In  Section 
3.2.8. 
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B.  Rate- Limiting  Step  In  the  High  Growth-Rate  Region 

It  Is  Important  to  determine  whether  the  rate-limiting  step 
In  the  high  growth-rate  region  Is  a  gas-phase  or  a  surface  mechanism.  In  [3.4] 
the  effect  of  the  deposition  temperature  on  the  epitaxial -layer  arsenic  con¬ 
centration  was  obtained  experimentally  and  briefly  analyzed  In  order  to  dif¬ 
ferentiate  between  the  possible  mechanisms.  It  was  shown  In  Fig.  10  of  that 
paper  that  the  arsenic  concentration  In  the  epitaxial  film  decreases  when  the 
deposition  temperature  Increases,  showing  an  apparent  enthalpy  change  of  ap¬ 
proximately  30  kcal/mole.  In  the  following  discussion,  expressions  for  the 
epitaxial-layer  arsenic  concentration  will  be  derived  for  the  different  possible 
mechanisms  that  may  control  the  doping  process;  these  expressions  will  then  be 
compared  with  the  experimental  temperature  dependence  of  dopant  concentration 
described  above.  It  will  be  shown  that  the  process  limiting  the  arsenic  In¬ 
corporation  rate  Is  a  surface,  rather  than  a  gas-phase,  mechanism. 

1.  Gas-phase  mechanisms.  Three  processes  are  considered 
[3.16]:  forced-convection  mass  transport,  boundary- layer  mass  transport,  and 
gas-phase  chemical  reactions. 

a.  Force-convection  mass  transport  Is  represented  by 
Rj  In  the  circuit  of  Fig.  3.9.  By  substituting  the  expression  for  R-j  [Eq. 
(B.13)]  In  Eq.  (3.41) 


300 


x  v, 


As 


—  x  X1 


(3.43) 


where  N300  Is  the  total  gas-phase  molecular  concentration  at  300  K  and  vH^  Is 
the  hydrogen  velocity  at  300  K.  Under  normal  operating  conditions  [3.4],  the 
epitaxial  deposition  of  silicon  from  SIH^  Is  controlled  by  mass  transport  through 
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the  boundary  layer.  Since  the  boundary-layer  mass-transport  coefficient 
usually  Increases  slowly  with  temperature,  showing  an  apparent  activation 
energy  of  3-8  kcal/mole  [3.16],  the  epitaxial  growth  rate  g  does  also.  There¬ 
fore  Eq.  (3.43)  Indicates  that  If  forced-convection  mass  transport,  which  Is 
Independent  of  temperature,  dominated  the  doping  process,  the  doping  density 
In  the  epitaxial  film  would  decrease  with  Increasing  temperature  with  an  apparent 
activation  energy  of  3-8  kcal/mole.  This  does  not  agree  with  the  experimental 
observation  [3.4],  Indicating  that  forced-convection  mass  transport  Is  not  the 
dominant  mechanism.  The  same  conclusion  can  be  reached  by  comparing  the  values 
of  the  overall  kinetic  resistor  R  with  the  forced-convection  mass-transport 
resistor  R^  From  Eq.  (B.13)  and  N^qq  «  P/[k  x  (300  K)]  [3.17], 


„  _  k  x  (300  K) 
R1  P  xv„ 

H2 


(3.44) 


where  P  Is  the  total  pressure  and  k  Is  the  Boltzmann  constant.  With  P  -  1  atm. 


n“22 


-21 


vH  ■  21.3  cm/sec,  and  k  *  1.37  x  10  cm  *atm/K,  Rj  *  1.93  x  10  cm  -sec, 

2  -19  2 
which  Is  much  smaller  than  the  value  of  R  ■  1.9  x  10  cm  -sec  obtained  earlier. 

b.  Boundary-! ay er  mass  transport  Is  represented  by  Rg 

In  the  circuit  of  Fig.  3.9.  By  using  the  expression  for  Rg  [Eq.  (B. 14)]  In 

Eq.  (3.41), 


NAs  “  Tx  X 


(3.45) 


where  1^  Is  the  mass-transport  coefficient  of  AsH-j  through  the  boundary  layer. 

As  discussed  above,  the  deposition  of  silicon  from  SIH^  Is  normally  controlled 
by  mass  transport  through  the  boundary  layer,  and  the  mass  transport  coefficients 
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of  AsH3  and  SIH^  are  expected  to  have  a  similar  temperature  dependence.  There* 
fore,  the  ratio  l^/g  will  remain  relatively  constant  with  temperature,  and  If 
boundary- layer  mass-transport  dominated  the  doping  process,  the  dopant  con¬ 
centration  In  the  epitaxial  film  would  not  change  significantly  with  varying 
deposition  temperature.  Since  this  disagrees  with  the  experimental  results, 
boundary- layer  mass  transport  cannot  be  the  dominant  mechanism  either.  Again, 
the  same  conclusion  can  be  reached  by  estimating  the  value  of  R2  and  comparing 
It  to  R.  Since  the  deposition  of  silicon  Is  controlled  by  mass  transport 
through  the  boundary  layer,  an  expression  similar  to  Eq.  (3.45)  describes  the 
deposition  process 


N 


SI 


1 

x  xsih4 


(3.46) 


where  Is  the  density  of  silicon  atoms  In  the  solid,  k^  Is  the  mass  transport 
coefficient  of  SIH^  through  the  boundary  layer,  and  X^H  Is  the  Input  gas-phase 
molar  fraction  of  SIH^.  The  value  of  k^  obtained  from  Eq.  (3.46)  should  be 
close  to  the  value  of  km  In  Eq.  (3.45)  [3.6,3.12].  With  N$i  «*  5  x  1022  cm’3, 

g  ■  0.6  um/mln,  and  X^H  -  1.1  x  10’3  atm  In  Eq.  (3.46),  k^  ■  4.6  x  1019/cm2* 

^  -20  2 
sec  s  km;  using  this  value  to  find  Rg  ■  1/1^,  results  In  R2  *  2.2  x  10  cm  *sec. 

Clearly,  R  »  R2,  confirming  that  boundary- layer  mass  transport  Is  not  the 

dominant  mechanism.  (Also  note  that  R2  »  R1  • ) 

c.  Gas-phase  chemical  reactions  are  represented  by  Rj. 

By  substituting  the  expression  for  Rj  [Eq.  (B. 15)3  1°  Eq.  (3.41), 


N.  *  -p-  x  X1 
As  g 


(3.47) 
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where 


kf3  »  a  xexp(-Ea/RT)  (3.48) 

is  the  corresponding  forward  reaction  rate  constant.  Since  activation  energies 
are  usually  larger  than  10  kcal/mole  [3.18],  Eq.  (3.47)  Indicates  that.  If  gas- 
phase  chemical  reactions  were  dominant,  the  doping  density  In  the  epitaxial 
film  would  Increase  with  increasing  temperature.  The  Arrhenius  activation 
energy  would  be  slightly  smaller  than  E.  since  g(T)  Increases  slightly  with 
Increasing  temperature.  Thi..  behavior  disagrees  with  the  experimental  results, 
ruling  out  gas-phase  chemical  reactions  as  the  dominant  mechanism  In  the  doping 
process. 

From  the  discussion  above.  It  can  be  concluded  that  none  of 
the  gas-phase  mechanisms  dominate  the  arsenic  Incorporate  rate.  The  surface 
mechanisms  are  analyzed  next. 

2.  Surface  mechanisms.  If  a  surface  mechanism  dominates 
the  ouplng  process,  either  adsorption,  surface  chemical  reactions,  or  surface 
diffusion  and  site  Incorporation  may  be  the  rate-limiting  step.  Since  the 
temperature  dependence  Is  similar  to  all  three  cases,  only  one  mechanism  will 
be  considered.  It  Is  Important  to  emphasize,  however,  that  similar  conclusions 
will  be  obtained  for  the  other  two  mechanisms.  In  this  analysis,  surface 
diffusion  and  Incorporation  of  adsorbed  arsenic  atoms,  represented  by  Rg  In 
the  circuit  of  Fig.  3.9,  will  be  assumed  to  be  the  rate-limiting  step.  By 
substituting  the  expression  for  Rg  [Eq.  (B. 20)]  In  Eq.  (3.41), 


t6 


x  Kc ,  x  K. ,  x  K. 


5' 


As 


4' 


e3 

x7 

®H 


x  X1 


(3.49) 
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where  6  Is  the  fraction  of  adsorption  sites  which  are  vacant,  and  eH  Is  the 

fraction  of  adsorption  sites  occupied  by  hydrogen  atoms.  Kg,  K^, ,  and  1^. 

are  the  equilibrium  constants  corresponding  to  steps  3,  4,  and  5,  respectively, 

3  2 

In  the  doping  sequence,  and  the  term  6  /0j}  Is  a  function  of  Kg,  the  equilibrium 
constant  of  the  hydrogen-desorption  process. 

The  temperature  dependence  of  the  dopant  concentration  In 
Eq.  (3.49)  Is  more  complex  than  that  of  the  gas-phase  cases.  The  temperature 
dependence  of  kfg  Is  given  by  an  expression  similar  to  Eq.  (3.48),  while  the 
temperature  dependence  of  each  equilibrium  constant  Is  obtained  by  Integrating 
van't  Hoff's  equation  [3.19] 


K  -  c  x  exp(-AH/RT)  (3. so) 

where  AH  is  the  heat  of  reaction  at  constant  pressure,  and  c  Is  a  constant. 
Consequently,  the  temperature  dependence  of  Eq.  <3.49)  depends  on  the  endo¬ 
thermic  or  exothermic  nature  of  the  reactions  Involved  and  on  the  relative 
magnitudes  of  Ea  and  AH.  Adsorption  and  site  Incorporation  are  exothermic 
mechanisms  by  nature,  as  Is  the  dissociation  of  AsHg  [3.20].  Therefore,  Kg, 

K4,,  and  Kg.  In  Eq.  (3.49)  all  decrease  with  Increasing  temperature  and, 
unless  Ea  Is  larger  than  |EAHj{,  the  doping  density  would  decrease  with  Increasing 
temperature  If  surface  diffusion  and  site  Incorporation  were  dominant.  A 
similar  dependence  Is  obtained  for  the  other  two  surface  mechanisms.  Since 
this  behavior  agrees  with  experimental  observation.  It  can  be  concluded  that 
(a)  | EAH1 1  >  Eg,  and  (b)  surface  mechanisms  dominate  the  doping  process  In  the 
epitaxial  system  studied. 
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Table  3.2  suimiarfzes  the  different  expressions  for  In  the 
high  growth-rate  region  obtained  for  each  controlling  mechanism  and  the  tempera¬ 
ture  dependence  expected  In  each  case. 

C.  Crystallographic  Orientation 

To  further  confirm  the  conclusions  reached  above,  the  Influence 
of  the  crystallographic  orientation  of  the  substrate  on  the  doping  process 
was  ana'yzed.  As  discussed  above,  adsorption,  surface  chemical  reaction, 
surface  migration,  and  site  incorporation  occur  on  the  growing  surface  and, 
therefore,  their  kinetics  depend  on  the  nature  of  the  surface.  Consequently, 

If  the  doping  process  Is  controlled  by  surface  mechanisms.  It  must  be  affected 
by  crystallographic  orientation. 

The  horizontal  RF-heated  epitaxial  reactor  used  In  these 
experiments  was  a  commercial  Unipak  VI  (Sola  Basic-Tempress)  that  operates  at 
atmospheric  pressure.  Substrates  of  two  orientations  [(111)  +0.5°  and  (100)] 
were  alternately  placed  on  the  susceptor  (see  Fig.  3.13).  The  arsine  partial 
pressure  was  held  at  approximately  5  x  10-1®  atm,  and  the  silane  partial 
pressure  was  adjusted  to  produce  growth  rates  of  approximately  0.3  or  0.4  ym/min 
in  different  experiments.  The  substrates  were  boron-doped  with  resistivities 
ranging  from  1  to  4  fi-cm.  The  thicknesses  of  the  epitaxial  layers  were  approxi¬ 
mately  7  urn  and  were  measured  by  a  groove  and  stain  technique.  A  four-point 
probe  determined  the  resistivity  of  the  layers.  The  results,  summarized  In 
Table  3.3,  Indicate  that  epitaxial  layers  grown  on  (111)  substrates  have  a 
higher  resistivity  than  those  grown  on  (100)  substrates,  and  this  confirms 
conclusively  that  surface  mechanisms  dominate  the  doping  process.  On  the  other 
hand,  the  epitaxial  growth  rate  is  unaffected  by  the  crystallographic  orientation, 
consistent  with  mass  transport  control  of  the  deposition  process. 
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D.  Summary 

In  Section  3.2.7  the  equivalent  circuit  shown  In  Fig.  3.9  was 
used  to  analyze  the  model  described  In  Section  3.2.6  under  steady-state 
conditions.  The  analysis  Indicated  the  presence  of  two  regions  of  operation 
depending  on  the  growth  rate.  In  agreement  with  experimental  data.  At  very 
low  growth  rates  the  doping  process  Is  controlled  by  the  thermodynamics  of  the 
overall  doping  reaction,  and  the  doping  density  In  the  epitaxial  layer  Is 
Independent  of  the  growth  rate.  At  high  growth  rates  the  doping  process  Is 
controlled  by  reaction  kinetics,  and  the  doping  density  Is  Inversely  proportional 
to  the  growth  rate.  Values  for  R  and  Kp/k^  were  obtained  by  fitting  equations 
derived  from  the  model  to  the  experimental  data.  Expressions  were  derived  for 
the  arsenic  concentration  expected  in  the  epitaxial  film  for  different  possible 
gas-phase  and  surface  rate-limiting  mechanisms.  By  comparing  these  expressions 
with  the  experimental  temperature  dependence  of  the  epitaxial-layer  arsenic 
concentration  In  the  high  growth-rate  region  [3.4];  It  was  concluded  that  the 
rate-limiting  step  Is  associated  with  a  surface  mechanism  rather  than  with  the 
gas  phase.  This  was  further  confirmed  by  the  observation  that  the  crystal¬ 
lographic  orientation  of  the  substrate  Influences  the  doping  process. 

3.2.8  Transient  Behavior 

The  doping  process  under  time-varying  cond1i.'">ns  can  be  analyzed 
using  the  circuit  shown  In  Fig.  3.14a,  again  assuming  the  more  complex  Asl^ 
path  to  be  dominant.  This  circuit  Is  similar  to  that  shown  In  Fig.  3.9,  with 
the  corresponding  capacitors  added  to  account  for  transient  effects.  In  this 
section  some  considerations  which  simplify  the  circuit  will  be  examined  first, 
and  then  the  simplified  circuit  will  be  analyzed. 

As  mentioned  earlier,  when  one  of  the  resistors  In  the  chain  Is 
much  larger  than  the  others,  most  of  the  voltage  Is  dropped  across  that  resistor. 
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and  the  voltage  drop  across  any  other  resistor  will  be  relatively  small.  If 
resistor  R^>  Is  assumed  to  be  the  largest  resistor,  the  circuit  of  Fig.  3.14a 
can  be  simplified  to  that  shown  In  Fig.  3.14b.  Since  most  of  the  voltage  Is 
dropped  across  R^, ,  the  nodes  to  the  right  of  R^,  are  at  approximately  the  same 
potential,  and  consequently  the  capacitors  to  the  right  of  R^,  can  be  lumped 
together;  similarly  for  the  nodes  and  capacitors  to  the  left  of  R^, .  In  Fig. 
3.14b,  C$  represents  capacitive  effects  associated  with  the  adsorbed  layer  and 
Incorporation  sites  on  the  growing  surface,  and  Cg  represents  capacitive  effects 
associated  with  the  gas  phase  (see  Table  3.1). 

An  estimate  of  the  values  or  R.|  x  C-j  and  R2  x  c2  can  be  obtained  as 
follows.  From  Eqs.  (B.13)  and  (B.22)  and  Mp  »  P/kT, 


L  x  300K 


(3.51) 


where  L  Is  the  length  of  the  susceptor  and  T  Is  the  temperature  in  the  main  gas 

stream  within  the  deposition  region.  With  L  «  22. B  cm,  vu  *  21.3  cm/sec,  and 

"2 

assuming  T  *  873  K  [3.12],  R^  x^  »  0.37  sec.  Similarly,  from  Eqs.  (B.14) 
and  (B.23)  and  top  ■  P/k  x  T' , 


r2  C2 . 


E  X  P 

i  x  k  x  T ' 
m 


(3.52) 


where  e  Is  the  thickness  of  a  thin  layer  at  temperature  T'  just  above  the  gas- 
solid  Interface.  With  e  «  0.1  cm,  P  ■  1  atm,  km  ■  4.6  x  10^/cm2*sec,  k  ■ 

1.37  x  10"22  cm3  x  atm/K,  and  T'  -  1273  K,  Rg  x  C2  -  0.013  sec.  R1  x  C]  and 
R2  x  C2  are  decay  times  associated  with  mass  transport  mechanisms,  and  are  much 
smaller  than  the  experimental  decay  times  reported  In  [3.4]  (Fig.  3.15). 
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Therefore,  If  any  of  the  time  constants  resulting  from  elements  to  the  left 
of  R^i  dominates  the  experimental  results.  It  must  be  Rj  x  C3. 

A  circuit  analogous  to  that  shown  In  Fig.  3.14b  may  be  obtained  If 
any  of  the  other  resistors  In  the  kinetic  chain,  Rj-Rg,  were  largest.  If  the 
largest  resistor  were  either  Rg,  or  Rg,  Cg  would  represent  capacitive  effects 
associated  with  both  the  gas  phase  and  the  adsorbed  layer,  while  If  Rj,  R2, 
or  R^  dominated,  C$  would  Include  contributions  from  both  regions.  Since  the 
analysis  Is  similar  In  each  case,  only  the  circuit  shown  In  Fig.  3.14b  will  be 
considered.  It  Is  Important  to  emphasize,  however,  that  similar  conclusions 
will  be  obtained  If  any  one  of  the  other  kinetic  resistors  Is  dominant. 

The  transient  study  presented  In  [3.4]  showed  that  the  transient 
response  of  the  doping  process  was  basically  exponential  with  a  single  decay 
time,  l.e.  the  AsH3  dopant  system  contains  one  dominant  pole.  Therefore,  either 
Cg  or  C$  must  be  responsible  for  this  exponential.  From  Fig.  3.14b  the  corre¬ 
sponding  decay  times  are  given  by 

Tg  *  Cg  x  %  (3.53) 

and 

^7  x  R^i 

Ts  *  Cs  X  *7+  ft4,  (3.54) 

Tg  Is  Independent  of  the  growth  rate  and  Is  the  decay  time  associated  with  the 
gas  phase,  while  t$  depends  on  the  epitaxial  growth  rate  through  R^  and  Is 
associated  with  mechanisms  occurring  at  the  growing  surface.  It  was  reported 
In  [3.4]  that  the  experimental  decay  time  depends  strongly  on  the  epitaxial 
growth  rate.  Therefore,  Tg,  which  Is  Independent  of  growth  rate,  cannot  be 
responsible  for  the  exponential  In  the  transient  response.  Gas-phase  processes 


162 


do  not  control  the  transient  behavior;  and  surface  mechanisms  must  be  dominant. 
In  agreement  with  the  conclusions  reached  Independently  In  Section  3.2.7  from 
the  steady-state  behavior. 

To  continue  the  analysis,  Eq.  (3.54),  which  describes  surface 
mechanisms,  must  be  compared  to  the  experimental  results.  Two  limiting  regions 
of  growth  rate  can  be  considered. 

1.  Low  growth-rate  region.  At  very  low  growth  rates 
R?  *  ^/(g  x  Kp)  »  R^, ,  and  Eq.  (3.54)  reduces  to 

ts  *  C$  x  R4i  (3.55) 


Equation  (3.55)  Indicates  that,  at  very  low  epitaxial  growth  rates,  r$  Is 
Independent  of  the  rate.  This  agrees  with  the  experimental  data  presented  In 
Fig.  3.15  [3.4],  which  shows  that  at  rates  lower  than  approximately  0.5  ym/min 
the  dependence  of  the  decay  time  on  growth  rate  decreases. 

2.  High  growth-rate  region.  At  high  growth  rates  Ry  *  kH/(g  x  M  << 
R^, ,  and  Eq.  (3.54)  reduces  to 


Cs  x  R7 


C  x-*- 
Ls  x  gxKp 


(3.56) 


Equation  (3.56)  Indicates  that,  at  high  rates,  t$  is  Inversely  proportional  to 
the  growth  rate,  also  In  agreement  with  the  experimental  data  In  Fig.  3.15. 

The  value  of  C$  can  be  obtained  by  using  either  Eq.  (3.55)  or  (3.56) 
In  conjunction  with  the  data  In  Fig.  3.15  and  the  values  calculated  In  Section 
3.2.7.  By  fitting  Eq.  (3.56)  to  the  data  for  g  >  0.5  ym/min,  a  value  of 
C$/(Kp/kH)  *  4.1  x  10"®  cm  Is  obtained.  C$  Is  now  found  by  substituting  In 
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this  expression  the  value  of  KpAH  *  3.8  x  1025  cm-3  obtained  In  Section  3.2.7; 
the  resulting  value  of  C$  Is  1.6  x  lO2^  cm**2.  The  same  value  Is  found  when  Eq. 
(3.55)  Is  used. 

After  some  mathematical  manipulation,  Eq.  (3.54)  can  be  rearranged  as 
Cs  x[KP/kH J 

Ts - - - “T  <3*57a> 

g  +  [r4.  x  (Kp/kH)J 

and  after  substituting  the  proper  values  Into  Eq.  (3.57a),  the  equation  describing 
the  data  In  Fig.  3.15  Is  obtained 


T 


S 


4.1  x  IQ'5 
g  +  1.4  x  10‘7 


sec 


(3.57b) 


with  g  given  In  cm/sec.  Note  that  the  denominators  or  Eqs.  (3.53)  and  (3.57) 
are  the  same. 

In  both  the  transient  and  steady-state  cases,  two  regions  of  operation 
were  seen.  The  two  regions  arise  from  the  Interrelation  between  the  rate-limiting 
step  and  the  step  corresponding  to  the  covering  of  the  Incorporated  arsenic 
atoms  (step  7).  The  following  discussion  emphasizes  the  Importance  of  this 
Interrelation  to  the  transient  behavior  of  the  dopant  system. 

At  low  growth  r?tes,  Eq.  (3.55)  Indicates  that  the  decay  time  of 
the  transient  response  Is  related  to  the  relaxation  time  of  the  slowest  step 
In  the  kinetic  sequence.  This  Is  not  surprising,  since  In  this  region  the 
covering  of  arsenic  atoms  occupying  Incorporation  sites  by  silicon  atoms  occurs 
so  slowly  that  It  only  weakly  Influences  the  transient  response.  For  example. 

If  the  dopant  gas  Is  abruptly  decreased,  the  concentrations  of  arsenic-containing 
species  In  the  dopant  system,  represented  by  charge  on  Cg  and  C$,  will  have  to 
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decrease  until  they  reach  new  steady-state  values.  The  dopant  species  on  Cg 
will  be  quickly  removed  through  Rg,  since  Rg  «  R^,  at  all  growth  rates.  On 
the  other  hand,  the  dopant  species  on  C$»  representing  arsenic-containing  species 
In  the  adsorbed  layer  and  at  Incorporation  sites,  will  be  removed  either  by 
being  burled  In  the  growing  epitaxial  film  (current  through  R^)  or  by  reaching 
the  gas  phase.  This  latter  process  Is  represented  by  current  flowing  backwards 
through  R^, .  At  low  growth  rates  the  covering  rate  Is  so  slow  that  the  removal 
of  arsenic-containing  species  from  the  surface  will  be  preferentially  directed 
towards  the  gas  phase  [Rj  *  k^/fg  x  Kp)  »  R^i].  The  transient  response  will 
be  characterized  by  Eq.  (3.55)  and  will  be  Independent  of  growth  rate  since 
the  covering  of  arsenic  atoms  by  silicon  atoms  will  have  little  Influence.  On 
the  other  hand,  at  high  growth  rates  arsenic  atoms  are  rapidly  covered  by 
silicon  atoms,  and  the  removal  of  the  arsenic-containing  species  from  the 
adsorbed  layer  occurs  much  faster  by  this  covering  step  than  by  flowing  back¬ 
wards  through  the  kinetic  chain  [R^  *  kH/(g  x  Kp)  «  R^.].  Therefore,  in  this 
high  growth-rate  region,  the  transient  response  will  be  controlled  by  the  rate 
at  which  silicon  atoms  cover  arsenic  atoms.  The  higher  the  growth  rate,  the 
shorter  the  decay  time,  as  expressed  In  Eq.  (3.56). 

Note  that  If  X1  Is  abruptly  decreased  In  the  low  growth-rate  region, 
most  of  the  dopant  species  on  C$  will  flow  away  from  the  growing  layer  during 
the  transient,  while  If  It  occurs  In  the  high  growth-rate  glon,  most  of  the 
dopant  species  will  be  Incorporated  Into  the  growing  film.  Therefore,  the 
spatial  transition  between  the  two  steady-state  doping  levels  In  the  epitaxial 
layer  may  be  expected  to  be  more  abrupt  at  low  growth  rates.  In  agreement  with 
the  experimentally  measured  doping  profiles  [3.4]. 

In  this  section,  the  growth-rate  dependence  of  the  experimental 
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decay  time  was  used  to  show  that  surface  mechanisms,  rather  than  gas-phase 
mechanisms,  are  responsible  for  the  transient  behavior  of  the  doping  process. 

At  very  low  growth  rates  the  transient  response  Is  controlled  by  the  relaxation 
time  of  the  slowest  step  In  the  kinetic  sequence.  At  high  growth  rates  the 
transient  response  Is  controlled  by  the  epitaxial  growth  rate,  which  determines 
the  rate  at  which  arsenic  atoms  are  covered.  In  both  cases  the  surface 
capacitors  play  an  important  role.  They  are  associated  with  the  adsorbed 
layer  and.  In  a  transition  from  one  steady-state  condition  to  another,  account 
for  the  time  taken  by  the  dopant  species  In  the  adsorbed  layer  to  reach  a  new 
steady-state  value.  The  value  of  C$  was  calculated  by  fitting  equations 
derived  from  the  model  to  the  experimental  data. 

3.2.9  Transfer  Function 

The  equivalent  circuit  shown  In  Fig.  3.14b  can  also  be  used  to 
derive  the  "transfer  function"  H(s)  of  the  dopant  system,  which  relates  the 
time  variation  of  the  doping  gas  concentration  to  the  resulting  epitaxial-layer 
dopant  distribution  [3.4].  [Recall  that  NAs(t)  Is  related  to  NAs(x)  by  means 
of  the  epitaxial  growth  rate  g  ■  x/t.]  By  using  Eq.  (3.37) 


.  "p  (X)9,AS<S) 
H(s )  =  — i - *  r~  x - 1 — ; - 

X^s)  n  X*(s) 


(3.58) 


where  s  Is  the  frequency-domain  variable.  From  the  circuit  of  Fig.  3.14b 
(neglecting  the  effect  of  x  *  C  x  R  ), 

■r 


*  ^  x  Ry  +'  r4,  x  tttts 


(3.59) 


where  x.  Is  given  by  Eq.  (3.54).  Equation  (3.59)  has  the  same  form  as  the 
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expression  for  the  transfer  function  obtained  experimentally  In  [3.4].  By 
substituting  the  values  obtained  In  Sections  3.2.7  and  3.2.8  Into  Eq.  (3.59) 
and  appropriate  mathematical  manipulation. 


H(s) 


5.2  x  10 


18 


g  +  1.4  x  10 


_ 1 

!  +  s  ,  4.)  ^ 


(3.60) 


g  +  1 .4  x  10 

with  g  In  cm/sec.  The  transfer  function  Is  useful  for  predicting  the  spatial 
variation  of  the  dopant  profile  expected  for  a  given  time-varying  dopant  gas 

flow,  as  was  shown  In  [3.4],  or  alternatively  for  determining  the  dopant  gas 

flow  needed  to  obtain  i  desired  dopant  profile. 

3.2.10  Sumnary  and  Conclusions 

A  physlochemlcal  model  describing  the  Incorporation  of  dopant  atoms 
Into  silicon  epitaxial  films  during  deposition  from  a  SiH^-AsHj-Hg  mixture  In 
a  horizontal,  atmospheric-pressure,  epitaxial  reactor  was  presented.  The  model 
considers  sequential  processes  occurring  both  In  the  gas  phase  are  (a)  mass 
transport  of  AsH3  to  the  deposition  region,  (b)  mass  transport  of  AsH3  across 
the  boundary  layer  to  the  growing  surface,  and  (c)  gas-phase  chemical  reactions. 

The  sequence  of  steps  occurring  at  the  surface  are  (d)  adsorption  of  the  As- 

containing  species  on  the  growing  surface,  (e)  chemical  dissociation  In  the 
adsorbed  layer,  (f)  surface  diffusion  and  Incorporation  of  As  at  Incorporation 
sites  on  the  surface,  (c)  burying  of  the  Incorporated  As  atoms  by  SI  atoms 
during  epitaxial  growth,  and  (h)  desorption  of  hydrogen  from  the  surface. 

Special  consideration  was  given  to  step  7,  since  It  provides  the  driving  force 
for  the  overall  doping  process,  and  also  determines  whether  the  doping  process 
occurs  under  quasi -equilibrium  conditions  (slow  burying  rate),  or  Is  controlled 
by  the  reaction  kinetics  (fast  burying  rate). 
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In  order  to  properly  describe  the  doping  process  under  both  transient 
and  steady-state  conditions,  mass-balance  of  the  As-containing  species  was 
applied  at  each  of  the  Important  points  In  the  dopant  system,  resulting  In 
seven,  first-order  linear  differential  equations  containing  the  mathematical 
description  of  the  doping  process.  In  order  to  conveniently  handle  this  set  of 
equations,  an  equivalent  electric  circuit  represented  by  an  analogous  set  of 
equations  was  found.  In  this  RC  circuit,  each  resistor  represents  the  Impedance 
presented  by  one  of  the  mechanisms  entering  Into  the  doping  process;  each  node 
represents  a  physical  location  In  the  dopant  system;  each  capacitor  Incorporates 
time-varying  effects  related  to  the  accumulation  of  dopant  species  at  a  point 
in  the  epitaxial  system;  current  represents  the  net  flow  of  As-containing  species 
through  the  chain  of  steps;  and  the  voltage  represents  the  driving  force  for 
the  doping  process.  The  capacitors  are  required  only  during  time-dependent 
conditions;  e.g..  In  a  transition  from  one  steady-state  operation  condition 
to  another,  they  account  for  the  time  required  for  the  population  of  the  As- 
containing  species  at  each  point  In  the  dopant  system  to  attain  Its  new  steady- 
state  value.  This  circuit  representation  provides  Insight  Into  the  different 
mechanisms  taking  part  In  the  doping  process  and  their  relative  Importance. 

The  equivalent  circuit  was  then  used  to  study  both  the  steady-state 
and  transient  behavior  of  the  epitaxial  doping  process.  The  model  shows  the 
presence  of  two  regions  of  operation  depending  on  the  growth  rate.  In  agreement 
with  experimental  data  [3.4].  The  two  regions  arise  from  the  Interrelation 
between  the  rate-limiting  step  of  dopant  movement,  which  Is  Independent  of  the 
growth  rate,  and  the  covering  of  the  Incorporated  arsenic  atoms,  which  Is 
growth-rate  dependent.  Both  the  steady-state  and  the  transient  analysis  show. 
Independently,  that  the  mechanisms  dominating  the  doping  process  occur  at  the 


168 


growing  surface. 

In  steady-state  the  model  Indicates  that  the  doping  process  Is 
controlled  by  the  thermodynamics  of  the  overall  doping  reaction  at  very  low 
growth  rates,  and  the  doping  density  In  the  epitaxial  layer  Is  Independent  of 
the  growth  rate.  At  high  growth  rates  the  doping  process  Is  controlled  by 
reaction  kinetics,  being  rate  limited  by  one  or  more  of  the  Individual  steps 
In  the  doping  process,  and  the  doping  density  Is  Inversely  proportional  to  the 
growth  rate.  The  decrease  observed  In  the  epitaxial -layer  arsenic  concentration 
with  Increasing  deposition  temperature  [3.4]  was  used  to  show  that  mechanisms 
occurring  at  the  growing  surface  (adsorption,  surface  chemical  dissociation, 
or  site  Incorporation}  dominate  the  doping  process.  This  was  further  confirmed 
by  the  observation  that  the  doping  process  depends  on  the  crystallographic 
orientation  of  the  substrate  —  the  resistivity  of  epitaxial  layers  grown  on 
(111)  substrates  is  higher  than  that  of  layers  grown  on  (100)  substrates. 

In  the  transient  study,  the  growth-rate  dependence  of  the  experi¬ 
mental  decay  time  Indicates  that  surface  mechanisms,  rather  than  gas-phase 
mechanisms,  are  also  responsible  for  the  transient  behavior  of  the  doping  process. 
At  very  low  growth  rates  the  transient  response  Is  controlled  by  the  RC  time 
constant  associated  with  the  slowest  step  In  the  kinetic  sequence,  and  the 
decay  time  associated  with  the  transient  Is  Independent  of  the  growth  rate. 

At  high  growth  rates  the  transient  response  Is  controlled  by  the  rate  at  which 
silicon  atoms  cover  arsenic  atoms,  which  Is  determined  by  the  epitaxial  growth 
rate,  and  the  decay  time  Is  Inversely  proportional  to  the  growth  rate.  In 
both  cases  the  surface  capacitors  play  an  important  role.  They  Incorporate 
time-varying  effects  related  to  the  accumulation  of  dopant  species  In  the 
adsorbed  layer. 


169 


Since  the  equivalent  circuit  also  relates  the  spatial  variation 
of  the  dopant  profile  to  the  time-varying  dopant  gas  flow.  It  was  used  to 
derive  the  transfer  function  of  the  dopant  system. 

3.3  LOW-PRESSURE  CHEMICAL-VAPOR-DEPOSITION  OF  SILICON:  PHOSPHORUS  DOPING 
3.3.1  Introduction 

Polycrystal line  silicon  has  many  Important  applications  In  Integrated 
circuit  technology.  Heavily  doped  films  of  polycrystalllne  silicon  are  used 
as  the  gate  electrode  In  silicon-gate  Integrated  circuits  [3.21].  Lightly 
doped  films  are  frequently  used  for  high-value  resistors  In  Integrated  circuits 
[3.22-2.24].  Until  recently,  these  films  have  been  generally  deposited  In 
atmospheric-pressure,  cold-wall  reactors.  In  which  the  silicon  substrates  lie 
flat  on  an  externally  heated  susceptor.  The  electrical  properties  of  such 
films  have  been  reported  by  many  researchers  [3.25-3.29]. 

Within  the  last  several  years,  low  pressure,  chemical -vapor-deposition 
(LPCVD)  systems  have  been  developed  [3.30],  The  high  capacity  and  low  cost 
of  these  systems  led  to  their  rapid  acceptance  in  Integrated  circuit 
manufacturing  facilities.  Since  the  deposition  rate,  temperature  and 
pressure  In  these  reactors  are  markedly  different  from  those  conventionally 
employed,  a  study  of  the  electrical  properties  of  the  material  deposited  In 
LPCVD  reactors  Is  needed.  The  resistivity  of  the  films  with  a  wide  range 
of  dopant  concentrations  and  Its  stability  during  temperature  cycling  are 
especially  Important. 

A  study  Is  being  conducted  at  Stanford  to  Investigate  the  properties 
of  polycrystalllne  silicon  deposited  at  low  pressure.  In  the  first  phase 
of  this  study,  we  have  reported  the  structure  of  low*  pressure,  polycrystal  line- 
silicon  films  and  their  stability  during  further  heat  treatment  [3.31].  In 
the  present  paper  the  electrical  properties  of  phosphorus-implanted,  low- 
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pressure  polycrystal line  silicon  are  discussed  and  compared  to  those  of  films 
deposited  at  atmospheric  pressure.  The  effect  of  different  annealing 
temperatures  on  resistivity  Is  also  reported. 


3.3.2  Sample  Fabrication 

Three  types  of  polycrystalllne-snicon  films  were  used  in  this  study. 
Two  types  were  prepared  by  thermal  decomposition  of  silane  on  oxidized 
silicon  wafers  In  a  Tempress  (Unlcorp)  LPCVD  reactor  with  no  Intentionally 
added  dopant.  Nominal  deposition  temperatures  of  580°  and  620°C  were  used 
with  100%  silane  gas  and  a  reactor  pressure  of  approximately  0.5  Torr.  The 
thickness  of  the  films  was  about  0.47  urn,  as  measured  with  an  automated 
spectrophotometer.  The  third  type  of  film  was  prepared  undoped  by  silane 
decomposition  on  oxidized  wafers  In  a  conventional,  horizontal,  atmospheric- 
pressure,  cold-wall  reactor.  The  deposition  temperature  was  960°C  (corrected), 
and  the  films  were  about  0.63  ym  thick. 

In  the  first  part  of  this  study,  the  effect  of  annealing  temperature 

on  resistivity  was  Investigated.  Phosphorus  doses  of  3  x  lO1^  and  1  x  10^6 
2 

lons/cm  were  implanted  Into  the  low-pressure  (LPCVD)  films  at  an  energy  of 
100  keV.  The  samples  were  annealed  for  one  hour  In  dry  Ng  at  temperatures 
of  900,  1000,  1100  and  1200°C  with  different  samples  being  used  at  each  dif¬ 
ferent  temperature.  Before  annealing,  the  samples  were  coated  with  a  thin 
layer  of  low- temperature  deposited  oxide  to  protect  their  surfaces  from  the  furnace 
ambient  and  to  prevent  loss  of  dopant  during  the  high-temperature  processing. 

The  grain  structure  shown  by  x-ray  diffraction  was  the  same  after  the  anneal 
whether  or  not  the  coating  was  used  [3.31].  After  stripping  the  oxide,  sheet 
resistance  was  measured  using  a  four-point  probe.  Since  the  heat  cycling 
was  sufficient  to  distribute  the  dopant  uniformly  through  the  polycrystalline 
film  [3.29],  resistivity  was  obtained  by  multiplying  the  value  of  sheet  resistance 


by  the  thickness  of  each  film. 

In  the  second  part  of  the  study,  low-pressure  and  atmospheric-pressure 
films  were  Implanted  with  phosphorus  doses  ranging  from  5  x  1011  to  1  x  1016 
lons/cm  at  an  energy  of  100  keV  with  two  doses  per  decade.  The  samples  were 
annealed  for  one  hour  at  1100°C;  the  first  16  min  In  dry  02  and  the  remainder  In  dry 
N2.  In  order  to  measure  resistivity  and  mobility  accurately  on  the  more 
lightly  doped  samples  (dose  <10  cm  )  dlff used-contact  concentric  rings, 
four-point  probe,  and  cloverleaf-shaped.  Van  der  Pauw  structures  were  fabri¬ 
cated.  After  the  annealing,  photolithography  was  performed  and  the  polycrystal line 
silicon  was  selectively  etched  to  define  these  structures.  A  0.5  vm  thick 
layer  of  S102  was  deposited  on  the  samples  at  480°C  and  denslfled  In  wet  oxygen 
for  20  min  at  1000°C.  A  second  photolithography  step  was  performed  to  open 
contact  windows  In  the  oxide. and  the  exposed  polycrystal line  silicon  was 
doped  with  phosphorus  from  a  P0C13  source  for  30  min  at  900°C.  Aluminum  was 
deposited  using  an  electron  gun  and  the  metal  pattern  was  defined  photolitho- 
graphically.  A  30  min  anneal  at  450°C  in  N2  completed  the  devices.  The 
silicon  consumed  during  the  two  thermal  oxidation  steps  was  calculated,  and 
the  final  thickness  of  each  sample  was  used  In  the  calculations.  All  measure¬ 
ments  were  made  at  room  temperature,  and  the  results  reported  here  represent 
the  average  of  measurements  on  at  least  three  different  samples. 

Figure  3.16  shows  the  variation  of  resistivity  with  annealing  tem¬ 
perature  from  900  to  1200°C  for  the  two  types  of  LPCVD  silicon  deposited  at  620°C 

(LP-620)  and  at  580°C  (LP-580).  The  phosphorus  doses  of  3  x  1015  and  1  x  10^ 6 

2  19-3 

lons/cm  are  equivalent  to  dopant  concentrations  of  6.4  x  10  cm  and 

2.1  x  1020  atf\  respectively. 

For  both  types  of  films,  the  resistivity  decreased  with  increasing 

15  2 

annealing  temperature,  especially  for  the  lower  dose  of  3  x  10  lons/cm 
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and  In  the  LP-620  films.  For  the  lower  dose  the  resistivity  of  the  LP-620 

films  decreased  from  1.5  x  10“^  n-cm  after  annealing  at  900°C  to  2.7  x  10"  ^ 

fl-cm  after  annealing  at  1200°C,  representing  more  than  an  80*  reduction  In 

resistivity.  On  the  other  hand,  the  resistivities  of  the  LP-580  films  were 
-3  -3 

4.2  x  10  fl-cm  and  2. 5  x  10  fl-cm  after  annealing  at  the  same  temperatures  - 

a  reduction  In  resistivity  of  only  40*.  For  the  higher  dose  of  1  x  10^® 

2 

lons/cm  ,  the  resistivities  of  the  LP-620  films  and  LP-580  films  decreased 
only  45*  and  21*.  respectively,  over  the  same  range  of  annealing  temperatures. 

For  both  doses  and  at  all  annealing  temperatures,  the  LP-580  films  had  lower 
resistivities  than  did  the  LP-620  films,  especially  at  the  lower  annealing 
temperatures. 

Figure  3.17  shows  the  resistivity  of  the  three  types  of  polycrystalline 
silicon  as  a  function  of  the  average  dopant  concentration.  The  resistivity 
of  n-type  single-crystal  si1 icon  Is  plotted  on  the  same  figure  for  comparison. 

At  the  lowest  dopant  concentrations,  the  polycrystalline-silicon  filns 

5 

had  a  resistivity  of  about  6-8  x  10  fl-cm,  approximately  six  orders  of 

magnitude  higher  than  the  resistivity  of  correspondingly  doped  single-crystal 

silicon.  As  the  dopant  concentration  was  increased,  only  small  changes  in 

resistivity  were  observed  until  the  dopant  concentration  reached  the  range 
17  18  -3 

2  x  10  -1  x  10  cm  ;  within  this  range  the  resistivity  decreased  sharply, 
finally  falling  to  within  half  an  order  of  magnitude  of  the  single-crystal 
resistivity  at  high  dopant  concentrations.  Throughout  the  whole  dopant- 
concentration  range,  the  LP-580  films  had  lower  resistivity  than  the  other 
samples.  Also,  the  rapid  decrease  in  resistivity  occurred  at  a  lower  dopant 
concentration  for  the  LP-580  samples.  The  resistivities  of  undoped 
polycrystalline-silicon  films  were  measured  and  found  to  be  approximately 
8-9  x  10^  n-cm  for  all  three  types  of  film. 
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Hall  mobility  was  measured  on  the  van  der  Pauw  structures  by  injecting 
a  current,  I,  between  two  opposite  contacts  and  measuring  the  resulting  Hall 
voltage,  V^,  when  a  magnetic  field,  B,  was  applied  perpendicular  to  the  plane 
of  the  sample.  The  equation  used  to  calculate  the  average  sample  mobility, 
u,  is 

-  tVH 

y=Blp  (3.61) 

where  p  and  t  are  the  sample  resistivity  and  thickness,  respectively.  A 
permanent  magnet  with  a  magnetic  field  of  one  kilogauss  was  used.  For  each 
measurement,  the  polarities  of  the  injected  current  and  of  the  magnetic 
field  were  reversed,  and  the  value  of  Hall  voltage  was  averaged  over  the 
four  readings.  The  linearity  of  the  measurement  was  tested  frequently;  Hall 
voltages  were  always  found  to  be  proportional  to  the  injected  current.  All 
the  measurements  were  made  on  Van  der  Pauw  structures  except  for  the  highest 
two  phosphorus  doses  where  measurements  were  made  on  unpatterned  square  and 
rectangular-shaped  samples.  Because  of  the  high  dopant  concentrations  at 
these  doses,  good  ohmic  contact  between  the  probes  and  the  sample  was 
obtained. 

Figure  3.18  shows  the  carrier  mobilities  for  the  three  types  of  poly¬ 
crystalline  silicon  as  functions  of  dopant  concentration.  The  electron 
mobility  in  single-crystal  silicon  is  also  plotted  for  comparison. 

The  mobility  in  polycrystalline-silicon  films  has  been  found  to  be  a  function 
of  the  thickness  of  the  film  [3.28];  consequently,  the  values  reported  here  are 

averages  over  the  thickness.  At  the  highest  dopant  concentration,  the 

2 

carriers  have  a  mobility  of  about  38  cm  /V-sec  in  all  three  types  of  poly- 

crystalline  silicon.  As  the  dopant  concentration  was  decreased,  the 

mobility  of  each  type  of  film  increased  slightly  and  then  dropped  sharply 

18  -3 

at  a  dopant  concentration  of  about  1  x  10  cm  .  Except  at  the  highest 
doses,  the  Hall  mobilities  in  the  LP-580  films  were  significantly 
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higher  than  those  in  the  other  films.  The  Hall  mobility  was  only  measured 
at  high  and  medium  dopant  concentrations  in  this  study.  At  very  low  dopant 
concentrations,  the  resistance  between  opposite  contacts  of  the  Van  der  Pauw 
structures  could  greatly  exceed  10®  ohms,  degrading  the  accuracy  of 
the  measurements  below  acceptable  levels. 

The  carrier  concentration,  n,  can  be  calculated  from  the  Hall  data 
using  the  equation 


_  _  BI 

n  '  qtV^  (3.62) 

Figure  3.15  shows  the  carrier  concentration  as  a  function  of  dopant  concentration 

for  the  three  types  of  polycrystalline-silicon  film. 

3.3.4  Discussion 

In  a  generally  accepted  model  of  polycrystalline  silicon  [3.29], 
the  material  is  viewed  as  composed  of  small  crystallites  j  lined  together  by  grain 
boundaries.  Inside  the  crystallites,  the  atoms  are  arranged  in  a  periodic 
manner,  forming  small  single  crystals,  while  the  grain  boundaries  are 
composed  of  disordered  atoms  and  contain  large  numbers  of  defects  due  to 
incomplete  bonding.  These  defects  cause  trapping  states  at  the  grain 
boundaries  capable  of  immobilizing  the  carriers,  thus  reducing  the  number 
of  free  carriers  available  for  electrical  conduction.  Furthermore,  once 
these  traps  capture  carriers,  they  become  electrically  charged,  creating 
potential -energy  barriers  which  impede  the  motion  of  carriers  from  one 
crystallite  to  another.  This  reduces  the  mobility  and  creates  regions  of 
high  resistivity  at  the  grain  boundaries.  The  model  is  illustrated  in 
Fig.  3.20  for  n-type  polycrystalline  material.  To  simplify  the  model,  the 
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polycrystalllne  material  is  assumed  to  be  composed  of  identical  crystallites 
of  length  L  cm.  The  impurity  atoms  within  the  crystallites  are  taken  to 
be  totally  ionized  and  uniformly  distributed  with  a  concentration  N/cm  . 

The  traps  at  the  grain  boundaries  are  presumed  to  be  initially  neutral  with 
a  concentration  N^/cm  ,  and  the  band  structure  inside  the  crystallites  is  assumed 
to  be  that  of  single-crystal  silicon. 

Host  of  the  trends  observed  in  this  experiment  can  be  qualitatively 
explained  by  this  model.  The  high  resistivity  observed  at  low  dopant  concentrations 
is  explained  by  the  trapping  of  most  of  the  carriers  at  grain  boundaries, 
leaving  few  free  to  contribute  to  the  conduction.  As  the  doping  concentration 
is  increased,  the  number  of  trapped  carriers  will  increase  in  a  manner 
determined  by  the  energy  distribution  of  the  traps.  Eventually  the  traps 
will  approach  saturation.  Upon  further  increase  in  the  doping  concentration, 
the  number  of  trapped  carriers  will  not  increase  appreciably;  however,  the 
potential  energy  barrier  will  decrease  and  the  space-charge  region  will 
narrow.  Because  of  the  exponential  dependence  of  the  resistivity  of  a 
grain  boundary  on  the  height  of  the  energy  barrier,  this  resistivity  will 
decrease  sharply  with  small  increases  in  dopant  concentration  as  the 
traps  become  saturated.  This  explains  the  observed  abrupt  reduction  in. 
resistivity  at  intermediate  dopant  concentrations.  Finally,  at  high  dopant 
concentrations,  the  region  near  the  grain  boundaries  will  no  longer  limit 
the  conductivity  of  the  samples,  and  the  properties  of  the  material  will 
approach  those  of  the  crystallites. 

This  model  has  been  used  extensively  to  explain  trends  in  the 
electrical  properties  of  polycrystalllne  silicon  [3.28,3.29],  Seto's  analysis 
[3.29]  showed  that  the  conductivity  and  mobility  In  polycrystalllne 
silicon  are  linearly  dependent  on  the  size  of  the  crystallites  L.  He 
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observed  a  minimum  in  the  carrier  mobility  at  intermediate  dopant  concen¬ 
trations  and  found  that  the  dopant  concentration  at  which  the  minimum 
should  occur  is  Inversely  proportional  to  the  size  of  the  crystallites  L. 

At  higher  dopant  concentrations  the  mobility  Increases  rapidly  until  it 
becomes  limited  by  ionized  impurity  scattering.  The  mobility  then  decreases 
with  increasing  dopant  concentration, as  in  single-crystal  silicon, so  that  a 
maximum  is  observed  [3.28]. 

In  a  previous  study  [3.31],  in  which  the  structure  of  LPCVD  silicon 
films  was  investigated,  we  have  shown  that  the  LPCVD  films  grown  at  580°C 
are  initially  amorphous.  Such  films  are  highly  unstable  and  rapidly  crystal¬ 
lize  when  annealed  at  even  moderate  temperatures.  Transmission  electron 
micrographs  of  the  annealed  samples  shov/ed  that  the  recrystallized  films 
which  were  initially  amorphous  have  bigger  grains  than  similarlyannealed 
films  grown  at  620°C,  which  are  initially  polycrystalline.  Furthermore,  it 
has  also  been  shown  that  the  grains  or  crystallites  grow  bigger  as  the 
annealing  temperature  is  increased.  Based  on  this  fact  and  on  the  model 
discussed  above,  the  differences  in  electrical  properties  between  the  dif¬ 
ferent  types  of  polycrystalline-silicon  films  can  be  directly  related  to  the 
size  of  the  crystallites  in  each  type  of  film. 

Since  the  effect  of  grain  boundaries  on  the  electrical  properties  of 
polycrystalline  silicon  is  especially  important  at  intermediate  dopant  con¬ 
centrations,  we  expect  the  differences  in  resistivity  between  films  with 
different  crystallites  sizes  to  be  maximum  at  these  dopant  concentrations. 

The  lower  resistivity  of  the  recrystallized  films  grown  at  580°C  is  then 
explained  by  their  larger  grain  size.  The  films  grown  at  atmospheric 
pressure  have  a  slightly  lower  resistivity  than  do  the  films  grown  at  620°C, 
probably  indicative  of  their  slightly  larger  crystallites.  At  high  dopant 
concentrations,  the  grain  boundaries  no  longer  limit  the  conduction  [3.29], 
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which  Is  dominated  by  the  resistivity  of  the  crystallites  themselves;  hence 
the  resistivities  of  the  three  types  of  polycrystalllne  silicon  approach  a 
cornnon  value  close  to  that  of  single-crystal  silicon. 

The  same  reasoning  can  be  applied  to  the  observed  behavior  of  the 
mobility.  The  films  grown  at  580°C  have  higher  mobilities  at  moderate  dopant 
concentrations  because  they  have  larger  crystallites,  while  at  higher 
dopant  concentrations  the  mobilities  of  the  three  types  approach  each  other 
as  the  properties  of  the  crystallites  begin  to  dominate.  The  films 
grown  at  atmospheric  pressure  showed  a  slightly  higher  mobility  than  did 
the  films  grown  at  620°C  and  low  pressure  —  another  Indication  of  slightly 
larger  crystallites  In  the  atmospheric-pressure  films.  Also,  the  mobility 
appears  to  approach  Its  minimum  value  at  lower  dopant  concentrations  In  the 
larger-grained  LP-580  films.  In  full  agreement  with  the  model.  At  high 
dopant  concentrations  the  Hall  carrier  concentrations  In  the  three  types  of 
film  are  close  to  the  single-crystal  values,  while  the  concentrations 
deviate  from  the  single-crystal  values  at  lower  dopant  concentrations  where 
grain-boundary  carrier  trapping  and  resistivity  begin  to  dominate.  This 
deviation  Is  most  noticeable  In  the  films  with  smaller  crystallites. 

The  results  of  the  annealing  experiments  can  also  be  explained  by  this 
model.  As  the  annealing  temperature  Is  Increased,  the  crystallites  grow 
larger,  reducing  the  resistivity.  This  reduction  should  be  especially  strong 
at  intermediate  dopant  concentrations,  where  the  resistivity  Is  a  sensitive 
function  of  the  crystallite  size,  consistent  with  the  trends  In  Fig.  3.15  and 
the  marked  reduction  In  resistivity  at  the  lower  dose  of  3  x  1015  lons/cm2. 

The  amorphous  films  grown  at  580°C  recrystalllze  at  a  temperature  much 
lower  than  900°C  [3.31],  and  apparently  the  crystallite  size  is  not  appreciably 
affected  by  further  annealing,  leading  to  only  small  changes  In  resistivity 
at  higher  annealing  temperatures. 


3.3.5  Stannary  and  Conclusions 

This  study  Investigated  conduction  In  polycrystalllne-sillcon  films 

deposited  at  580°  and  620°C  by  low-pressure  chemical  vapor  deposition  and 

doped  with  phosphorus  by  Ion  Implantation.  Films  deposited  at  62Q°C  were 

polycrystal  line  while  those  deposited  at  580°C  were  Initially  amorphous 

but  crystallized  on  further  heat  treatment.  The  electrical  properties  of 

the  films  were  compared  to  those  of  polycfystall Ine-sllicon  films  deposited 

at  atmospheric  pressure.  The  effect  of  annealing  temperature  on  resistivity 

was  studied  first  for  phosphorus  doses  of  3  x  10^  and  1  x  10^8  ions/cm^. 

The  resistivity  was  found  to  decrease  with  Increasing  annealing  temperature. 

The  films  deposited  at  580°C  always  had  lower  resistivity  than  those 

deposited  at  620°C,  with  a  greater  difference  appearing  at  lower  annealing 

temperatures.  In  the  second  series  of  experiments,  phosphorus  was  implanted  with 

15 

doses  corresponding  to  average  dopant  concentrations  ranging  from  2  x  10  to 
2  x  10^°/cm3.  The  resistivity  was  only  a  slow  function  of  the  dopant  concentration 
below  6  x  1016/cm3  and  above  2  x  1018/cm3;  however,  for  concentrations  In 
the  intermediate  range,  slight  changes  in  concentration  caused  large  changes 
In  resistivity.  As  before,  the  films  deposited  at  580°C  always  showed  the 
lowest  resistivity  of  the  three  types  of  film  investigated,  especially 
in  the  intermediate  doping  range.  The  Hall  mobility  was  measured  and  found 
to  have  a  maximum  near  a  dopant  concentration  of  6  x  10  /cm  ,  with  the 
mobility  being  higher  In  films  deposited  at  580°C.  The  observed  behavior 
is  consistent  with  that  expected  from  a  film  composed  of  small  crystallites 
surrounded  by  grain  boundaries  containing  large  numbers  of  carrier  traps. 
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3.4  SUICIDES:  ANNEALING  OF  SPUTTERED  WS1? 

3.4.1  Introduction 

With  the  advances  In  the  Integrated  circuit  technology  the  device 
dimensions  are  continuously  decreasing.  This  Is  beginning  to  pose  new  material 
problems.  In  MOS  circuits  poly-SI  Is  widely  used  to  Interconnect  the  devices. 

In  general  the  requirements  for  the  Interconnecting  material  are  low  resistivity, 
ability  to  withstand  various  chemicals  and  high  temperatures  encountered  during 
fabrication  process,  and  the  capability  to  define  fine  patterns.  Poly-Si  Is 
beginning  to  limit  the  performance  of  the  circuits  because  of  Its  poor  conductivity. 
Although  the  grain  size  In  as  deposited  poly-SI  can  be  very  small,  however 
subsequent  high  temperature  processing  Increases  It  markedly  [3.32].  This  causes 
a  problem  In  defining  very  fine  lines.  Refractory  metal  slllcldes  have  been 
proposed  as  an  alternative  to  poly-SI  [3.33].  Most  slllcldes  have  very  low 
resistivity.  Thermal  oxidation  of  MoSi2  [3.34]  and  WSi2  [3.35]  has  been  performed, 
making  It  possible  to  grow  a  continuous,  electrically  Insulating  S102  over¬ 
layer,  nearly  of  the  same  quality  as  thermally  grown  S102  on  SI  [3.35]. 

The  Impurity  masking  ability  of  refractory  metal  slllcldes  have  been 
reported  [3.33].  Slllcldes  are  stable  against  many  acids  and  show  the  chemical 
properties  similar  to  poly-SI  [3.33,3.36].  Because  of  the  extremely  fine  grain 
size  of  slllcldes  It  Is  possible  to  define  very  fine  features  [3.37].  Slllcldes 
have  been  used  for  a  variety  of  other  applications  for  a  long  time,  e.g.  to 
obtain  ohmic  contacts  and  SchottKy  barriers  to  SI  and  other  semiconductors. 

The  problem  of  "aluminum  penetration"  which  can  cause  electrical  shorts  In 
shallow  junction  devices  Is  eliminated  using  slllclde  barriers  between  aluminum 
and  SI  [3.38]. 

Intermetalllc  refractory  metal  sll  Jldes  can  be  obtained  by  the 
deposition  of  the  refractory  metal  on  silicon  and  subsequent  conversion  of  the 
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refractory  metal  to  the  desired  Intermetal  11c  by  reaction  of  the  refractory 
metal  with  silicon  at  elevated  temperatures  [3.39].  Formation  of  slllcldes  by 
chemical  vapor  deposition  [3.40],  coevaporation  of  metal  and  SI  [3.35],  sputtering 
from  a  target  made  of  slllclde  [3.33]  and  laser  Irradiation  of  metal  deposited  on 
SI  [3.41]  have  been  Investigated.  The  work  presented  In  this  paper  was  mainly 
centered  around  thin  sputtered  films  of  tungsten  dlsllllde  (WS12).  Deposition 
of  WS12  was  performed  on  two  different  types  of  substrates,  one  set  on 
oxidized  single  crystal  SI  and  the  other  set  had  an  additional  layer  of 
poly-SI  In  between  WS^  and  S102-  Both  doped  and  undoped  poly-SI  were  used. 

In  the  flr^t  set  of  experiments  thermal  annealing  of  these  films  was  done  for 
different  temperatures  In  nitrogen  ambient  for  different  periods  of  annealing. 

The  effect  of  these  treatments  on  the  resistivity  and  structure  of  the  WS12 
films  was  studied.  In  the  second  set  of  experiments  41  was  deposited  on  both 
types  of  films  and  low  temperature  annealing  was  performed  to  determine  the 
structural  stability  of  A1  contacts  to  WS12.  Compatibility  of  A1  contacts  to 
slllcldes  of  Mo,  Pt/NI  and  Co  has  been  Investigated  by  Van  Gurp  and  Reukers  [3.42]  for 

different  temperatures  of  annealing.  Apparently  after  some  critical  tempera¬ 
ture  the  slllclde  layer  Is  dissociated  by  the  reaction  of  the  metal  with 
aluminum  and  the  precipitates  consisting  mainly  of  silicon  and  aluminum  are 
formed.  The  critical  temperature  lies  very  close  to  the  temperature  conmonly 
used  for  sintering.  Therefore  It  Is  Important  to  determine  this  temperature 
for  A1/WS12  Interface. 

3.4.2  Experimental 

A.  Sample  Preparation 

Single  crystal  SI  wafers  with  (100)  and  (111)  orientation  were 

O 

thermally  oxidized  to  grow  1000  A  S102.  Two  types  of  poly-SI  depositions 


life 
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Mere  performed  on  samples  with  (100)  SI  substrates.  On  the  first  set  of 

O 

wafers  4000  A  thick  undoped  poly-SI  was  low  pressure  chemically  vapor  deposited 
(LPCV0)  In  a  Tempress  LPCVD  reactor.  Nominal  deposition  temperature  of  620°C 
was  used  with  100*  SIH^  gas  as  the  source  of  SI  at  a  reactor  pressure  of 

O 

approximately  0.5  Torr.  On  the  second  set  of  wafers  5000  A  thick  undoped 
poly-SI  was  deposited  by  SIH^  decomposition  In  a  conventional,  horizontal, 
atmospheric- pres sure  cold  wall  reactor  at  a  temperature  of  960°C. 

O 

For  part  of  the  study  a  set  of  4000  A  poly-SI  films  were  Implanted 
with  phosphorus,  with  dose  varying  from  1014  to  1016  lons/cm2,  at  an  energy  of 
100  keV.  Then  samples  were  annealed  for  one  hour  at  1100°C,  the  first  15  min  In 

O 

dry  02  and  45  min  In  dry  N2  ambient  [3.32].  Another  set  of  4000  A  poly-SI  films 

14  15  2 

were  implanted  with  boron,  with  dose  varying  from  10  to  5  x  10  lons/cm  , 
at  an  energy  of  100  keV.  The  samples  were  thermally  oxidized  at  900°C  wet 
oxygen  for  30  min  and  then  annealed  at  1100°C  for  30  min  In  dry  N2  ambient. 

O 

The  5000  A  thick  poly-SI  films  were  doped  by  thermal  diffusion.  The 
first  group  was  doped  with  boron  using  B2Hg  as  a  source  of  impurity  and  the 
second  group  was  doped  with  phosphorus  using  P0C13  as  a  source  of  phosphorus. 

O 

Both  sets  were  doped  for  30  min  at  1000°C.  A  4000  A  thick  WS12  film  was 
sputter  deposited  on  top  of  the  SIO^SI  and  poly-SI/SIOg/SI  structures,  using  a 
Perkln-Elmer  sputtering  system  at  a  pressure  of  20  y  In  argon  ambient.  The 
substrate  temperature  was  kept  less  than  300°C  and  the  rate  of  deposition  was 

e 

360  A/mln  with  1.5  kV  between  electrodes  and  RF  power  of  280  watts.  The 
target  was  made  of  hot  pressed  WS12.  These  samples  were  then  annealed  between 
500  to  1200°C  In  dry  N2  ambient.  Host  of  the  samples  were  annealed  for  30  min, 
however,  some  samples  were  annealed  for  times  as  long  as  180  min. 

The  results  of  annealing  at  different  temperatures  (described  In 
detail  in  Section  3.4.3)  Identified  a  temperature  range  In  which  cracks  In 
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WS12  films  were  observed.  In  order  to  verify  that  Internal  stress  In  the  films  Is 

© 

causing  cracks,  as  deposited  films  of  WS12  were  coated  with  5000  A  thick 
S102  at  480°C  and  then  annealed  between  600-950°C  for  30  min  In  N2  ambient. 

Finally,  the  stability  of  A1  contacts  to  WS12  films  was  studied 
by  low  temperature  annealing.  After  the  deposition  of  WS12  samples  of 
WS12/S102/S1  and  WS12/undoped  poly-S1/S102/S1  were  annealed  at  1000°C  for 
two  hours  In  N2.  Following  the  anneal,  1.5  pm  thick  A1  was  deposited  on  top 
of  the  WS12  layers  using  an  electron-beam  evaporation  system.  The  resulting 
A1/WS12/S102/S1  and  Al/WS12/poly-S1/Sl02/S1  structures  were  annealed  In  the 
temperature  range  of  400  to  700°C  for  30  min  In  dry  N2. 

The  annealed  films  In  all  of  the  experiments  were  examined  to  study 

their  electr^ai  properties  and  structure.  A  four  point  probe  was  used  to 
determine  resistivity,  optical  microscope  and  scanning  electron  microscope 
(SEM)  were  used  to  determine  surface  quality, and  glancing  x-ray  diffraction 
technique  was  used  to  determine  crystal  structure.  Auger  electron  spectroscopy 
and  electron  microprobe  were  used  to  determine  W  to  SI  ratio  In  as  deposited 
WSi2  films. 

3.4.3  Results 

A.  Properties  of  as  Deposited  WS12  Films 

As  measured  with  Auger  electron  spectroscopy  and  electron  micro¬ 
probe,  as  deposited  films  had  the  2:1  ratio  between  the  number  of  silicon  atoms 
as  deposited  films  had  the  2:1  ratio  between  the  number  of  silicon  atoms 
and  the  number  of  the  tungsten  atoms.  With  atomic  percentage  of  66%,  weight 
percent  of  silicon  was  23.4%,  the  x-ray  diffraction  showed  no  specific  peaks 
of  any  of  the  slllcldes  of  tungsten.  Indicating  that  the  unannealed  films 

were  amorphous.  An  average  resistivity  of  6. 5  x  10’*  flcm  was  measured  for 
the  films  with  an  underlayer  of  undoped  poly-SI  and  4.8  x  10’*  Slcm  for  the 


films  without  It. 
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The  films  were  not  attacked  by  chemicals  generally  used  In 


fabrication  of  ICs,  e.g.  H2S04,  HN03,  HC1,  Hf  and  mixtures  of  H2S04  +  H202. 

HC1  +  HgOg  and  NH40H  +  H202;  however  they  were  heavily  attacked  by  mixtures 
of  HF  +  HN03  and  NH4F  +  HN03,  the  common  etchants  for  SI.  Therefore  In  all 
of  the  experiments  described  here  the  samples  were  cleaned  using  normal 
cleaning  procedures  commonly  used  for  SI. 

B.  Properties  of  Annealed  WS1?  Films 

The  resistivity  measurements  have  been  done  to  Investigate  the 
effect  of  annealing  on  electrical  properties  of  WS12/poly-S1/S102/S1  and 
WS12/S102/S1  films.  The  temperature  was  varied  between  500  to  1200°C  with  100°C 
Intervals  In  N2  ambient  for  30  min.  Between  the  temperature  range  of  650°C 
to  900° C  the  resistivity  showed  wide  variation  and  It  was  not  possible  to 
measure  a  meaningful  value  of  the  resistivity.  Closer  examination  showed  the 
exlstance  of  micro  cracks  In  the  films,  which  might  be  causing  Interruption 
In  the  current  flow.  The  change  of  resistivity  of  the  samples  for  annealing 
temperatures  between  900°C-1200°C  has  been  plotted  In  Fig.  [3.21].  The  resistivity 
decreases  as  a  function  of  temperature.  In  order  to  Investigate  the  effect 
of  the  annealing  time  on  resistivity  variations,  samples  were  annealed  for 
prolonged  times  at  650°C  and  975°C.  The  results  of  change  In  resistivity  by 
annealing  WS12/poly-S1/S102/S1  film  at  650°C  for  15-60  min  has  been  shown 
In  Fig.  3.22.  There  Is  no  specific  trend  of  decrease  In  the  resistivity  with 
time.  The  results  of  variation  In  resistivity  by  annealing  the  WS12/S102/S1 
and  WS12/poly-S1/S102/S1  films  at  975°C  for  30-180  min  have  been  plotted  In 
Fig.  3.23  and  a  definite  reduction  In  resistivity  Is  observed. 

X-ray  diffraction  was  performed  to  study  the  structure  of  the 
annealed  films.  The  x-ray  diffraction  of  annealed  WS12/poly-S1/S102/S1 


film  for  two  hours  at  975°C  shows  that  the  crystallized  WSIg  film  does  not 
have  a  preferred  orientation.  X-ray  diffraction  of  WSIg/poly-SI/SIOg/SI 
samples  which  were  annealed  at  800°C  and  900°C  for  30  min  were  compared. 

The  results  were  Identical  except  at  900°C  peaks  of  WSI2  were  Intensified. 
Comparing  this  result  to  the  x-ray  diffraction  of  the  sample  which  were 
annealed  at  975°C  for  two  hours  shows  that  the  WSI2  peaks  of  800°C  and  900°C 
annealed  samples  have  shifted  within  +0.2  degrees  (20)  with  respect  to  the 
peaks  of  975°C  annealed  samples.  This  can  be  attributed  to  Internal  stress 
within  the  films  [3.43]. 

Finally,  the  resistivity  variations  of  WS12/doped  poly-S1/ 
S102/S1  vs.  doping  density  of  poly-Sl  have  been  plotted  In  Fig.  3.24  and  for 
comparison  resistivity  of  poly-Sl  films  doped  with  boron  and  phosphorus  are 
included.  As  previously  mentioned  between  the  temperature  range  of  650-900°C 
all  the  annealed  films  developed  cracks.  To  further  Investigate  this  problem 
the  samples  were  coated  with  SIO.  at  a  temperature  of  480°C  and  annealed  after 
wards.  In  case  of  S102  deposIted/WS^/SIOg/Si  films  no  cracks  were  observed 
for  temperature  range  between  600-950°C  annealing  at  Ng  for  30  min.  However, 
the  results  of  S102  deposIted/poly-Si/SIOg/SI  films  show  that  for  films  that 
have  been  annealed  at  85C°C  and  975°C  for  30  min,  cracks  were  observed  for  the 
first  film  only.  In  comparison  cf  the  x-ray  diffraction  patterns  the  same 
result  was  observed  for  both  cases  except  peak  Intensification  of  the  second 
film. 

Average  resistivity  for  SlOg/WS^/poly-SI/S^/SI  annealed  at 
975°C  for  30  min  Is  about  5.2  x  10’*  Ocm  while  for  WS^/poly-SI/S^/SI 
annealed  for  two  hours  at  the  same  temperature  average  resistivity  Is  about 
1.2  x  10’*  ncm.  X-ray  diffraction  of  these  two  films  showed  that  for  S102 
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covered  films,  peaks  of  WgSij  also  exist  which  are  not  present  at  the  second 
film. 

C.  Properties  of  Annealed  Al/WSip  Films 

The  Al/WSig/poly-Si/SiOg/Si  and  Al/WS^/SiOg/Si  structures  were 
annealed  In  Ng  ambient  for  30  min  in  the  temperature  range  of  400°C  to  700°C 
with  50°  intervals.  The  quality  of  the  surface  was  examined  by  optical 
microscope  and  SEM.  The  temperature  at  which  damage  to  surface  occurred  was 
above  550°C  for  the  first  structure  and  above  600°C  for  the  second  structure. 

At  and  below  these  temperatures  annealing  did  not  affect  the  chemical  and 
electrical  properties  of  Al/WSig  layers.  Average  resistivity  of  the  films 
was  about  3  x  10"®  ftcm  dominated  by  Al.  X-ray  diffraction  on  all  films  were 
performed.  For  Al/WSig/poly-Si/SiOg/Si  films  annealing  at  temperatures  lower 
than  600°C,  intensity  of  Si  (110)  remains  constant.  This  is  the  peak  of 
dominant  recrystallized  LPCVD  620°C  poly-Si  [14].  Intensity  of  the  WS^ 
peaks  of  different  orientations  and  aluninum  remain  constant.  After  annealing 
at  600°C,  x-ray  diffraction  patterns  showed  decreased  intensity  of  peak  of 
(110)  Si  and  as  temperature  increased  the  intensity  of  the  peak  further 
decreased.  The  intensity  of  peaks  of  (101)  and  (002)  WS^  increased  and 
aluminum  peaks  vanished  as  teroerature  increased  above  600°C. 

For  Al/WSi^/S^/Si  structures,  annealing  less  than  650°C 

intensities  of  aluminum  and  WSig  peaks  remain  constant  however  at  or  above  this 

« 

temperature,  although  WSig  peaks  remain  unaltered,  the  Al  peak  completely 
vanishes  and  new  peaks  of  WAl^  and  (111)  Si  appear  indicating  the  existence 
of  some  chemical  reaction.  SEM  and  optical  photograph  of  the  surface  of  Al/ 
WS^/SiOg/Si  annealed  below  and  above  the  critical  temperature  are  shown  in  Fig. 
3.25. 
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3.4.4  Discussion 

The  improvement  of  electrical  characteristics  of  tungsten  disllicide  over 

# 

poly-Si  can  be  mentioned  as  lower  resistivity  for  WSi9  films;  and,  because  of 
a  layer  of  small  grains, possibility  of  fine  pattern  definition  Is  a  very 

» 

important  factor  for  high  density  integrated  circuits.  This  is  a  serious 
problem  for  poly-Si  layers  because  of  large  grain  existence.  The  advantage 
over  metal  interconnection  and  electrodes  can  be  mentioned  as  improvement  on 
thermal,  chemical  and  oxidation  resistance  using  silicide  films  and,  finally, 
another  unique  property  of  silicide  films  Is. masking  the  inpurities. 

As  deposited  films  of  WSig  were  amorphous  and  applications  of  annealing 
produces  homogenity  and  formation  of  crystallized  grains  which  provide 
further  reduction  on  resistivity.  In  the  course  of  annealing  at  certain 

4 

temperature  ranges,  cracks  are  developed  within  the  WSU  films  which  are 
due  to  the  stress  exerted  within  the  WSig  film  and  its  interface  with  other 
materials.  This  internal  stress  decreases  as  temperature  increases.  We  also 
showed  that  this  stress  can  be  deleted  by  using  SiOg/WSig/SiO^  structure.  The 
formation  of  cracks  is  not  correlated  to  the  existence  of  another  phase  of 
tungsten  silicide.  Finally,  annealing  above  900°C  causes  formation  of 
randomly  oriented  crystall ites.  Annealing  of  WSig/doped  poly-SI/SiOg/Si 
films  shows  a  decrease  in  resistivity  of  the  whole  structure  as  doping  density 
of  poly-Si  film  increases.  This  can  be  described  as  two  parallel  resistors, 
the  combination  of  them  providing  lower  resistivity. 

As  shown  Al/WSig/SiOg  and  Al/WSIg/poly-Si/SiOg/Si  layers  are  stable  up 
to  600°C  and  550°C  annealing  temperatures,  respectively.  No  chemical 
degradation  was  observed  at  these  ranges  of  temperatures.  Both  these  tempera- 
tures  are  well  above  the  temperatures  commonly  used  for  sintering  the  A1 
contacts  to  Si.  Above  these  temperatures,  for  Al/WSig/SiOg,  one  possible 


mechanism  of  degradation  Is  formation  of  WA1,2  and  free  silicon  because  of 
tungsten  consumption  from  WS12  films  and  for  Al/HSypoly-SI/SiOj/SI  diffusion 
of  aluminum  through  a  slllclde  layer  and  formation  of  alumlmm-slllcon 

precipitations. 

3.4.5  Sumnary  and  Conclusion 

VJS12  films  are  suitable  for  interconnections  and  electrodes  for  integrated 
circuit  technology  because  of  Improvement  in  electrical  as  well  as  chemical 
properties  over  poly-Sl  and  metals.  The  effect  of  thermal  annealing  provided 
Improvements  in  conductivity  because  of  formation  of  homogenous  and  crystallized 
layer.  This  annealing  should  be  done  above  certain  temperatures  to  avoid 
formation  of  cracks  which  exist  because  of  Internal  stress  within  the  film 
layer.  Compatibility  of  A1/WS12  layer  has  been  verified  for  cases  of  avail¬ 
able  free  silicon  atoms  as  well  as  no  source  of  silicon  atoms. 


*4  *:«/ 
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Appendix  A 

The  following  chemical  reactions  enter  Into  the  mass-balance  Eqs.  (3.3), 
(3.4),  (3.6),  and  (3.7). 

Adsorption  of  AsH2  on  the  surface: 


AsH2  (g)  +  s 


f4" 


AsH2-s 


(<w  •  »,) 


f4- 


*'  (V,  •  g  •  <*A)  ^ 

Chemical  dissociation  of  AsH^  In  the  adsorbed  layer: 

k, 
r5 


AsHj-s  +  3s  N  As-s  +  3H-S 


„  .(*«,• O  •  M  • 

S  (6*SH3  •  "s)  •  (»3  •  v)  ** 


Chemical  dissociation  of  AsH2  In  the  adsorbed  layer: 


^f5" 

AsHo-s  +  2s  — ^  As-S  ♦  2H-s 
2  - 

Kr5" 


.  Ks  •  Q  •  H ;  0.  -  ** 


Incorporation  of  adsorbed  As  Into  step  or  kink  sites  on  the  surface 

.  n1)  -(a* 
V“"s 


As-s  +  s*  — As-s1  +  s  ♦  s 


1 


r  (9/L-»!) •(e-"s).kf6 

*6 - (e..  -  H.) 


*r« 


In  these  equations,  Kj  Is  the  equilibrium  constant  corresponding  to 
step  1  In  the  doping  process  (cf.  Section  II),  kf1  and  kr1  are  the 
forward  and  reverse  reaction  rate  constants,  respectively,  dAs(eH, 

Is  the  fraction  of  adsorption  sites  occupied  by  As(H,  AsH2),  ej^  is  the 


fraction  of  Incorporation  sites  occupied  by  As,  and  N*  Is  the  surface 
density  of  Incorporation  sites.  With  the  above  expressions,  the  mass- 
balance  equations  may  be  written  as  follows: 
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Equation  (3. 3):  mass-balance  of  adsorbed  AsHj  on  the  surface. 
(kf4 '  4h3  ’  9  *  kr4 ' 9AsH3)  -  (kf5  '  9AsH3  '  *  kr5  ‘  9As  ’  9i! )  ’  V 


(A.l) 


Equation  (3.4): mass-balance  of  adsorbed  As  on  the  surface. 


[(kf5  •  9ASH3  •  ®3  *  kr5  ’  9AS  •  «H  )  +  (kfS'  ‘'asHj  '  ^  ‘  W '  9As  ’  9H  )]  ‘ 

(kf6  *  8As  "  kr6  *  °As  *  Ns  *  8)  *  Ns  ’  TT*  (A'2) 

Equation  (3. 6): mass-balance  of  AsH2  just  above  the  gas-solid  Interface. 

s 

/  s  S  \  /  s  \  dXAsH, 

\  f3  '  XAsH3  '  kr3  ’  XAsH2  j  "  (kf4'  *  XAsHz  ‘  0  _  kr4'*  8AsH2)*  e  ,NT  *  ~ 3t^ 


(A. 3) 


Equation  (3.7):  mass-balance  of  adsorbed  AsH2  on  the  surface. 

(kf4-  '  *A$sH3  9  -  kr4'  •  9AshJ  -  (kf5'  '  9AsH2  ' «*  ‘  W  9A5'9h)'  V  ~W^ 


(A.4) 
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where 


s 


(X>XASH2  5 

z  r3 

(B.8) 

e  9AsH3 

*xWh3  ‘ 

(B.9) 

2 

me  _  0H  '  0As 

0As  "v  V  V*fl3 

(B.10) 

e  0AsH? 

(x)eAsH  5 - : — 

0ASH2  K3  •  K4'  •  0 

(B.n) 

(X)ei  2  V41- 

e’As  7 

(B.12) 

1/R1  5  N300  ’  VHZ 

(B.13) 

hi 

=T 

(B.14) 

l/Rj  =  k,3 

(B.15) 

1/Rt  5»„-« 

(B.16) 
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e 

(X)j  Is  the  arsine  molar  fraction  that  Mould  be  In  equilibrium  with  the 
As-containing  species  j.  If  the  corresponding  mechanisms  were  In  thermo- 
dynamic  equilibrium.  Kp  Is  the  equilibria  constant  for  the  overall  doping 
reaction,  l.e. 


AsH3  (g)  - - *  As(ss)  +  ^  H2(g) 


j/i 

k_  .  afts  Ph?  V  na$ 

***  ^AsH3  7  ^  ^AsH3 

K4  *  K5  '  *6  *  *7  •  4 

H 


(8.29) 


and  g  Is  the  epitaxial  growth  rate. 
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Table  3.1.  Physicochemical  mechanism  corresponding  to  each 
resistor  and  location  In  the  epitaxial  system 
corresponding  to  each  capacitor. 


Resistor 

Physicochemical  Mechanism 

Capacitor 

Species 

Location  in 
the  Epitaxial 
System 

R1 

Forced-Convection  Mass  Transport 

C1 

ash3 

Deposition  region 

*2 

Boundary-Layer  Mass  Transport 

C2 

AsH3 

Thin  layer  just 
above  the  growing 

surface 

n 

Gas-Phase  Chemical  Reaction 

C3 

AsH2 

R4 

AsH3  (AsH2)  adsorption  on  the 
growing  surface 

o 

A 

o 

V 

fm 

Adsorbed  layer 

R5 

AsHj  (AsH2)  dissociation  In  the 
adsorbed  layer 

c5 

As 

R6 

Surface  diffusion  and  site 
|  Incorporation  of  As 

c6 

As 

Incorporation 
sites  on  the 
su. face 

R7  •  Covering  of  As  atoms  by  SI 

'  atoms  during  epitaxial  growth 
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Table  3.2 

Expressions  for  NA$  In  the  high  growth-rate  region  for  each  possible 
controlling  mechanism  and  the  temperature  dependence  expected  In  each 


Surface  Diffusion  and 
Site  Incorporation 


Table  3.3 

EXPERIMENTAL  DEPENDENCE  OF  THE  DOPING  PROCESS 
ON  SUBSTRATE  CRYSTALLOGRAPHIC  ORIENTATION 
(The  position  of  the  substrates  refer  to  Fig.  3.13) 


Position 

i 

© 

© 

© 

© 

Orientation 

( 

(111) 

(111) 

(100) 

Growth  rate  (um/mln) 

0.30 

H 

0.29 

0.30 

Resistivity  (n-cro) 

1.57 

1.16 

1.47 

1.11 

Orientation 

(100) 

(HD 

(100) 

(111) 

Growth  rate  (nn/mln) 

0.43 

0.41 

0.41 

0.40 

Resistivity  (fl-cm) 

1.55 

1.86 

1.41 

1.79 

nixed  main  gas  stream  within  the  deposition  region;  ^X^ 

3  2 

gas-phase  molar  fraction  of  AsH3  (AsH^)  Just  above  the  gas-solid 
Interface. 


arriving  SI  atoms;  (8)  desorption  of  hydrogen. 
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Fig.  3.3.  Circuit  representation  of  the  dopant  system.  Each  resistor  represents 
one  of  the  steps  In  the  doping  process.  Steps  (1)-(7)  correspond  to 
the  mechanisms  shown  In  Figs.  1  and  2. 


Fig.  3.4.  Circuit  representation  of  the  mass-balance  of  AsH3  just  above  the 

gas-solid  Interface  [Eqs.  (2),  (18),  (34)].  The  capacitor  Incorpor¬ 
ates  time-varying  effects  related  to  the  accumulation  of  AsH 3. 


Fig.  3.5.  Equivalent  circuit  representing  the  total  doping  process.  Each  node  corre¬ 
sponds  to  one  point  In  the  dopant  system,  and^lt  Is  associated  with 

one  As-containing  species  (c.f.  Fig.  3);  (X)^  is  the  arsine  molar 

fraction  corresponding  to  the  As-containing  species  associated  with 
the  1th  node. 
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r*  r4*rf4'rr4 

Fig.  3.6.  Circuit  representation  of  reaction  rates  associated  with  AsH3  adsorp 
tlon  (step  4).  (a)  forward  reaction  rate  rf4;  (b)  reverse  reaction 

rate  rr4;  (c)  net  reaction  rate  r^. 


(a)  (b)  (c) 


Fig.  3.7.  Schematic  representation  of  a  reaction  (a)  In  thermodynamic  equili¬ 
brium,  (b) in  quasi -equilibrium,  and  (c)  under  kinetic  control.  The 
length  of  each  arrow  is  proportional  to  the  corresponding  reaction 
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* 


9 


Fig.  3.9.  Steady-state  equivalent  circuit  assuming  the  AsH2  path  to  be 
dominant.  This  path  contains  all  of  the  possible  mechanisms 
Involved  In  the  doping  process. 
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FORCED*  |  BOUNDARY.  GAS-PHASE  ADSORPTION  i  SURFACE  i  SITE 

CONVECTION  LAYER  CHEMICAL  CHEMICAL  RNCORPORj 


SUSCEPTOR 


Fig.  3.13.  Experimental  arrangement.  Substrates  of  (111)  and  (100)  orienta¬ 
tions  were  alternately  placed  on  the  susceptor.  The  arrow  Indicates 
the  direction  of  gas  flow. 


(b) 

Fig.  3.14.  (a)  Equivalent  circuit  of  the  doping  process  assuming  the  AsH2 
path  to  be  dominant,  (b)  Simplified  equivalent  circuit  assuming 
R4.  to  be  the  largest  resistor. 


211 


0.1  0.2  0.4  0.6  0.81.0 

SILICON  DEPOSITION  RATE  g(/xm/m!n) 


Fig,  3.15.  Decay  time  of  the  transient  response  as  a  function  of  growth  rate. 
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RESISTIVITY  Kl-cm) 


I 


Fig.  3.17.  Resistivity  of  phosphorus- Implanted,  low-pressure  and  atmospheric- 
pressure  films  as  functions  of  average  dopant  concentration.  The 
resistivity  of  n-type,  single-crystal  silicon  Is  shown  for  comparison. 
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(cm'3) 


Fig.  3.18.  Hall  mobility  of  phosphorus-implanted,  low-pressure  and  atmospheric- 

pressure  films  as  functions  of  the  average  dopant  concentration.  The 

electron  mobility  In  n-type,  single-crystal  silicon  Is  shown  for 

17  2 

comparison.  At  a  dopant  concentration  of  6.5  x  10  /cm  the 

2 

mobility  In  the  LP-620  films  was  found  to  be  less  than  1  cm  /V-sec 
as  Indicated  by  the  dashed  line. 


2 


Fig.  3.20.  Model  of  n-type  polycrystalllne  material  showing  (a)  small  crystallites 
surrounded  by  grain  boundaries  containing  large  numbers  of  traps,  (b) 
resulting  space  charge,  and  (c)  corresponding  energy-band  diagram  with 
potential  barriers  surrounding  the  grain  boundaries. 
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Fig.  3.21.  Plot  of  variation  of  resistivity  vs.  annealing  temperature  for 
30  min  at  Ng  ambient. 


eSISTIVITY  (ohm  cm) 


Pig. 


.23.  Plot  of  variation  In  resistivity  of  WSl2/poly-S1/S102/S1  and 
HSI2/SIO2/SI  films  vs.  different  annealing  time  for  annealing 
temperature  of  975°C  at  Nj  ambient. 


</> 


Fig.  3.24  Plot  of  variation  In  resistivity  of  KS1?/doped  poly-SI/SI 
and  doped  poly-S1/S102/S1  films  vs.  doping  concentration. 


Fig.  3.25.  SEM  and  optical  photographs  of  A1/WS12/S102/S1  films  annealed 
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DEVICE  SIMULATION  AND 
STATISTICAL  CIRCUIT  MODELING 

Robert  W.  Dutton 

4.1  Introduction 

Meindl  et  al  [4.1]  have  outlined  the  overall  objectives 
of  the  Computer  Aided  Engineering  of  Semiconductor  Integrated  Circuits 
activity  within  this  project.  Stated  briefly  the  goals  of  the  activities 
reported  in  this  section  are: 

1)  to  couple  Into  SUPREM  [4.2]  all  process  models  discussed  in  the 
three  preceding  sections. 

2)  develop  the  analysis  methodology  and  models  needed  to  predict 
VLSI  device  performance  —  both  for  CAD  based  circuit  design  and 
in  the  context  of  the  statistical  environment  of  production. 

The  general  features  of  process  simulation  and  advances  in  modeling  i 

capabilities  are  described  elsewhere  [4.1]  [4.2].  However  in  the  context 
of  developments  reported  in  the  previous  sections  it  is  appropriate  that 
major  accomplishments  in  specific  process  modeling  efforts  will  be 
reviewed  in  the  next  section.  Within  the  second  item  of  device  analysis 
and  modeling  three  major  thrusts  can  be  identified  in  subsequent  sections  — 
the  coupling  of  process  and  device  analysis  tools,  test^structures  for 
characterization  and  modeling  efforts  oriented  towards  CAD. 

4.1.2  Recent  Advances  in  Process  Modeling 

The  spectrum  of  activities  described  above  in  Sections  1-3 
can  be  classified  in  two  general  categories  —  those  models  which  have 
been  incorporated  into  SUPREM  and  those  models  still  under  development. 
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In  the  first  category  major  accomplishments  to  be  cited  during  this 
contract  period  Include: 

1)  implementation  of  the  point  defect  model  for  oxidation  of  heavily 
doped  substrates 

2)  Implementation  of  the  surface  kinetic  dopant  inclusion  during 
epitaxial  deposition 

In  the  category  of  models  under  development  several  advances  deserve 
honorable  mention.  The  work  in  polycrystalline  silicon  is  proceeding 
rapidly  and  suitable  process  models  are  expected  within  the  next  year. 

The  multifaceted  area  of  oxidation  Interface  kinetics  will  shortly  spawn 
several  models.  First  order  approximations  for  both  stacking  fault 
growth  and  unannealed  values  Qss  are  soon  to  be  reported.  Moreover  the 
partial  pressure  dependence  of  oxidation  kinetics  at  both  high  and  low 
pressures  will  also  be  modeled. 

Turning  to  the  device  analysis  and  modeling  efforts,  the  sub¬ 
sequent  sections  present  specific  accomplishments  in  tools,  test  structures 
and  models.  Sections  4.2  -  4.5  describe  both  one  and  two-dimensional 
device  analysis.  The  one  dimensional  Semiconductor  Device  AMa lysis 
program  (SEDAN)  has  clearly  reached  the  point  of  a  mature  coupling  to 
SUPREM.  Subsequent  sections  dealing  with  two-dimensional  poisson  analy¬ 
sis,  dc  transport  and  grid  generation  each  represent  successively  more 

« 

formative  efforts.  Sections  4.6  -  4.7  describe  details  of  two  test 
chips  and  associated  analytic  approaches  to  determine  performance  limits 
as  a  function  of  geometry  and  technology  variables.  Sections  4.8  -  4.9 
summarize  major  accomplishments  in  CAD  modeling  —  a  capacitance  model 
for  MOS  as  well  as  a  statistical  bipolar  device  model  --  In  both  cases 
experimental  evidence  validates  the  novel  concepts  which  are  reported. 


224 


Before  embarking  on  the  detailed  discussions  the  following  highlight 

contributions  can  be  cited: 

1.  a  complete  and  working  one-dimensional  SEDAN  program  which  can 
use  SUPREM  data  as  Input. 

2.  major  benchmark  results  using  two-dimensional  MOS  polsson  solutions 
Including  technology  dependent  punchthrough  characterization  [4.14]. 

3.  demonstration  of  a  novel  dc  transport  analysis  method  which  offers 
an  orderrof-magnltude  performance  advantage  over  CADDET . 

4.  a  CMOS  latch-up  test  chip  with  structures  and  a  new  analysis  stra¬ 
tegy  for  field-aided  lateral  pnp  parasitic  devices  [4.42], 

5.  continued  Improvement  of  lateral  profile  measurement  methods  and 
analysis  tools  [4.353* 

6.  experimental  and  2D  analytic  corroboration  of  the  change-oriented 
capacitance  model 

7.  circuit  and  device  level  confirmation  of  the  statistical  modeling 
results  based  on  model  parameter  correlations [4.3] 

Having  cited  these  accomplishments  It  Is  appropriate  to  unfold 

the  details  as  given  below. 
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4.2  ONE  DIMENSIONAL  SEMICONDUCTOR  DEVICE  ANALYSIS  (SEDAN) 

D.  C.  D'Avanzo  and  M.  Vanzl 


The  following  describes  the  formulation  and  results  of  a  one- 
dimensional  ,  numerical,  semiconductor  analysis  program.  First,  the 
differential  equations  governing  semiconductor  physics  are  presented 
and  normalized.  The  physical  models  for  device  parameters  are 
described.  Simulation  results  are  pres  anted  for  NPN  bipolar  transistor 
structure.  The  results  dependent  on  several  physical  models  are  pre¬ 
sented  and  compared  among  them  and  with  measured  data.  The  results  of 
a  time  dependent  analysis  are  shown,  starting  from  0”  to  steady  state 
after  having  applied  a  bias  to  the  base  and  collector  terminals  and 
for  several  time  Increments.  Finally  a  typical  bias  condition  for 
electron  and  hole  concentrations  and  a  high  level  Injection  condition 
are  compared  and  discussed. 

4.2.1  Fundamental  Equations  and  Normalization 

The  electrical  properties  of  a  semiconductor  device  can  be  completely 
specified  by  five  physical  relationships;  Poisson's  equation,  electron 
and  hole  transport  equations  and  electron  and  hole  continuity  equations. 
With  the  appropriate  boundary  conditions  the  coupled  equations  can  be 
solved  for  carrier  concentrations,  current  densities  and  electrostatic 
potential.  The  five  differential  equations  are: 

Poisson 

(p  -  n  +  N)  (A. 2.1) 

dx*  es1 
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Transport 
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(4.2.2) 

(4.2.3) 


(4.2.4) 

(4.2.5) 


The  one-dimensional  Poisson  equation  relates  the  second  derivative  of 
the  electrostatic  potential »  \|i,  to  the  hole,  p,  electron,  n,  and  net 
Impurity,  N  (donor  minus  acceptor)  concentrations,  where  q  Is  electro¬ 
nic  charge  and  es1  1s  the  dielectric  constant  of  silicon.  The  transport 
equations  include  both  drift  and  diffusion  In  the  total  electron,  Jn, 

and  hole  J  ,  current  densities.  The  electron,  and  hole,  u  , 

P  n  P 

mobilities  are  related  to  their  respective  diffusion  constants,  Dn  and 
Op  by  the  Einstein  relation. 


VVkT 

VVkT 


(4JZ.6) 

(4.2.7) 


where  VkT  Is  the  thermal  voltage.  The  mobilities  are  dependent  on  total 
Impurity  concentration  and  electric  field.  The  x  component  of  the 
electric  field  Is  defined  as  the  negative  spatial  derivative  of  the 
electrostatic  potential. 
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The  continuity  equations  are  time  dependent  and  the  recombination  rate, 

U,  Includes  both  single  level  Shockl ey-Read-Hal 1  and  Auger  recombination 
mechanisms. 

For  convenience  In  the  derivation  and  numerical  calculation  all 
quantities  are  normalized  to  dimensionless  form  by  appropriate  constants. 
The  normalization  factors,  and  their  values  and  units  are  listed  In 
Table  4.2.1.  The  normalized  device  equations  are: 

2 

■  -  p  +  n  -  N  (4.2.9) 
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(4.2.10) 

(4.2.11) 

(4.2.12) 


-  U 


(4.2.13) 


where  all  variables  and  parameters  are  dimensionless.  (For  simplicity 
the  subscript  on  the  x-component  of  the  electric  field  has  been  dropped. 

The  discussion  will  be  limited  to  the  npn  bipolar  transistor  whose 
Impurity  profile  and  potential  diagrams  are  shown  In  Fig.  4.2.1.  How¬ 
ever  the  method  Is  applicable  to  any  number  and  combination  of  Impurity 
layers  with  two  or  three  contacts.  For  the  bipolar  structure  the 
positions  of  the  contacts  are  x»0  for  the  emitter,  x»B  for  the  base 
and  x«L  for  the  collector,  where  L  is  the  total  length  of  the  device 
being  analyzed.  B  must  be  located  In  the  neutral  region  of  the  base 
where  the  majority  carrier  quasl-ferml  level  Is  relatively  constant. 
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A*  Mobility 

The  mobilities  of  electrons  and  holes  decrease  as  the  probability 
of  scattering  Increases.  In  bulk  semiconductors  two  mechanisms  contri¬ 
bute  to  Increases  In  scattering  probabilities;  the  presence  of  Impurity 
atoms.  Including  donors  and  acceptors,  and  the  Increase  In  mobile 
carrier  energy  due  to  high  electric  fields.  To  account  for  these 
effects  hole  and  electron  mobilities  are  expressed  as  empirical  functions 
of  the  total  Impurity  concentration  and  the  electric  field. 


where  NT  Is  the  total  Impurity  concentration,  values  of  the  empirical 
parameters,  um1n.  ymax.  K  and  Ec,  the  critical  field  for  velocity 
saturation,  are  listed  In  Table  4.2.2. 

B.  Band  Gap  Narrowing 

17  -3 

When  the  Impurity  concentration  Is  greater  than  10  cm  electron 
wave  functions  associated  with  the  Impurity  energy  levels  begin  to 
overlap  forming  bands  which  In  turn  overlap  the  Intrinsic  conductions  ard 
valence  band  edges.  The  spread  of  energy  levels  causes  localized  band 
gap  narrowing  and  as  a  result  an  Increase  In  the  effective  Intrinsic 
electron  concentration,  ni#.  Slotboom  [4.4]  has  shown  that  this  Increase 
can  be  accurately  modeled  by. 


where  Is  the  Intrinsic  electron  concentration  In  the  absence  of 

17  -3 

band  gap  narrowing,  Vj  ■  9.0  mV,  NQ  ■  10  cm  ,  and  C  ■  0.5. 

The  presence  of  non-uniform  band  edges  Introduces  an  additional  force 
on  mobile  carriers  which  must  be  Included  In  the  transport  equations.  Van 
Overs traeten  and  others  have  shown  that  this  effect  can  be  Incorporated 
as  an  additional  quasi -electric  field  component  [4.5].  The  expressions 
for  the  electron  and  hole  current  densities  become. 
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(4.2.17) 


where  DEC  and  DEV  are  In  general  complicated  functions  of  the  band 
structure.  However,  If  Boltzmann  statistics  apply,  the  DEC  and  DEV  can 
be  interpreted  as  the  changes  In  the  conduction  and  valence  band  edges 
due  to  heavy  doping  effects. 

In  equilibrium  the  electron  concentration  Is  given  by. 


n  -  n^fi  exp  (’J'/V^j)  (4.2.18) 

since  the  ferml  level  Is  constant  and  equal  to  zero  for  the  particular 
voltage  reference  adopted  In  this  work.  Eq  (4.2.18)  can  be  substitu¬ 
ted  Into  (4.2.16)  #ith  Jn  ■  0  In  equilibrium.  Applying  the  Einstein 
relation  and  rearranging  results  In  a  convenient  expression  for  the 
gradient  of  DEC, 


d  DEC 
dx 


dx 


(4.2.19) 


since  the  change  In  band  edge  due  to  heavy  doping  Is  Independent  of  bias 
voltage,  the  previous  result  can  be  substituted  directly  In  (4.2.16) 


to  obtain. 


Jn  •  '"‘n  "  Et0tn  *  1  °n  37  <4-2  20> 

where 

Etotn  ■  -  sr(*  *  *kT  ln  <4-2-2’> 

A  similar  expression  applies  for  holes  where, 

Etotp  •  -  sr(*  -  V  nsf)  (4-222> 

In  summary,  two  Important  physical  effects  arise  from  narrowing  of 
the  band  gap  by  heavy  doping.  First,  the  effective  Intrinsic  concentra¬ 
tion  becomes  a  function  of  the  net  Impurity  concentration.  Second,  an 
additional  force  acts  on  mobile  carriers  as  a  result  of  the  non-uniform 
band  edges.  When  Boltzmann  statistics  are  valid  this  force  Is  simply 
related  to  the  gradient  of  n^e  and  can  be  Incorporated  In  the  transport 
equation  as  an  additional  field  component. 

C.  Recombination 

The  recombination  rate  Includes  both  trapping  of  hole  and  electron 
pairs  In  recombination  centers,  Shockl ey-Read-Hal 1  effect,  and  the  three 
particle  process  known  as  Auger  recombination.  The  total  recombination 
rate,  U,  can  be  expressed  as  the  sum  of  the  rates  contributed  by  the 
two  mechanisms, 

U  ■  USRH  *  UA  <4-2'23> 

where  and  are  the  recombination  rates  for  Shockl  ey-Read-Hal  1  and 
Auger  processes  respectively. 

For  single  level  traps  the  Shockl ey-Read-Hal 1  recombination  rate  Is, 
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(4.2.24) 
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where  n1  -  nie  exp  [{Et/q  -  ^)/VRT3  and  p1  ■  n1fi  exp  [(<|i  -  Et/q)/VkT]. 

Et  Is  the  energy  level  of  the  trapping  center  referenced  to  the  Intrinsic 

fermi  level  and  t  and  t  are  the  hole  and  electron  lifetimes, 
p  n 

The  Auger  process,  which  Is  the  reverse  of  Impact  Ionization,  con¬ 
sists  of  a  hole  and  electron  pair  recombining,  with  the  excess  energy 
transferred  to  a  third  carrier  as  kinetic  energy.  The  three  particle 
process  can  be  modeled  by,  the  expression. 


UA  -  Cn{n2p  -  n  nle2)  +  C  (p2n  -  p  n^2) 


(4.2.25) 


where  Cp  and  Cp  are  experimentally  determined  coefficients  for  n-type 
and  p-type  material,  respectively. 

Recent  experimental  results  have  demonstrated  that  the  overall 
minority  carrier  lifetime  Is  a  strong  function  of  impurity  concentration. 
(For  a  summary  of  experimental  results  see  reference  [4.6  ].  This  effect 
can  be  attributed  at  least  partially  If  not  entirely  to  the  Auger  process. 
However,  since  the  SRH  rate  Is  proportional  to  trap  density  some  SRH 
lifetime  dependence  on  Impurity  concentration  can  be  expected.  In  this 
case  the  hole  and  electron  lifetimes  can  be  expressed  as, 
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The  empirical  constants,  x^,  xn(),  NQp,  NQn,  will  generally  depend  on 
the  specific  process.  Typical  values  for  the  recombination  constants 
obtained  from  a  recent  literature  search,  [4.7],  are  tabulated  In 
Table  4.2.3. 
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4.2.4  Resul  ts 

The  previous  sections  have  described  the  numerical  techniques  and 
physical  models  Implemented  In  the  one-dimensional  device  analysis 
program  SEDAN.  The  general  formulation  allows  the  analysis  of  a  wide 
variety  of  one-dimensional  device  structures  with  either  two  or  three 
contacts.  The  Information  obtained  from  the  device  analysis  Includes 
values  of  the  dependent  variables,  p,  n,  i|>,  and  Jp,  as  well  as  any 
parameters  which  can  be  derived  from  the  Independent  variables  such 
as  electron  and  hole  quasi -Fermi  levels,  terminal  currents,  junction 
capacitance.  Integrated  charge  etc.  The  following  examples  demonstrate 
the  utility  of  the  program  as  applied  to  an  npn  transistor  and  an  NOS 
capacitor. 

A.  Npn  Transistor 

The  first  example  is  of  an  epitaxial  transistor  with  a  0.5  pm  base. 
The  Impurity  profile  Is  contructed  analytically  from  three  Gaussian 
diffusions  and  a  constant  epitaxial  layer.  The  Impurity  profile  and 
carrier  concentrations  for  moderate,  \l^  »  0.8  V,  and  high  level,  Vg|..  ■ 
1.0  V,  Injection  are  shown  In  Fig,  4.2.2.  For  the  high  level  case,  the 
concentration  of  electrons  Injected  Into  the  base  greatly  exceeds  the 
Impurity  concentration,  resulting  In  a  fairly  uniform  potential  distri¬ 
bution  across  the  transistor.  To  maintain  the  condition  of  quasi- 
neutrality  the  hole  concentration  Increases  to  the  electron  level.  The 
ability  to  simulate  the  high  level  Injection  results  from  the  flexibi¬ 
lity  of  the  base  boundary  condition  at  the  base  contact  where  only 
the  majority  carrier  quasi -fermt  level  is  specified. 
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The  effect  of  high  level  Injection  on  terminal  currents  Is  demons¬ 
trated  In  Fig.  4.2.3.  When  carrier  concentrations  exceed  the  base 
Impurity  concentration  the  effective  base  width  increases,  commonly 
known  as  base  pushout,  resulting  In  a  decrease  In  collector  current. 

Fig.  4.2.3a.  The  base  current,  which  Is  determined  by  Injection  of 
holes  Into  the  emitter,  continues  to  Increase  exponentially  so  that  the 
normalized  current  gain  decreases.  Fig.  4.2.3b. 

The  sensitivity  of  the  terminal  currents  to  the  physical  models 
is  demonstrated  In  Fig.  4.2.4.  The  collector,  Jc,  and  base,  Jg,  current 
densities  are  plotted  as  functons  of  the  base  emitter  voltage,  VgE, 

In  Fig.  4.2.4a,  while  the  current  gain,  6  *  Jc/Jg,  versus  collector 
current  Is  plotted  In  Fig.  4.4.4b.  The  results  have  been  simulated 
with  and  without  band  gap  narrowing  and  with  three  different  recombina¬ 
tion  mechanisms;  Shockley-Read-Hall  with  constant  lifetime,  SRH; 
Shockley-Read-Hall  with  constant  lifetime  plus  Auger,  SRH-A ;  and  Shockley- 
Read-Hall  with  concentration  dependent  lifetime,  SRH  -  t(N^) . 

As  can  be  seen  In  Fig.  4.4.4a  the  collector  current  Is  Insensitive 
to  the  physical  perturbations  since  It  is  mainly  determined  by  Injection 
of  electrons  Into  the  relatively  lightly  doped  base  where  both  band 
gap  narrowing  and  concentration  dependent  recombination  are  Insignificant. 
The  changes  In  current  gain  are  directly  attributable  to  changes  In  the 
base  current.  The  effects  of  the  physical  models  can  be  easily  Interpreted 
In  reference  to  the  two  major  components  of  base  current;  Injection  of 
holes  Into  the  emitter  which  displays  a  slope  proportional  to  l/V^y  on 
the  semi-log  scale,  and  recombination  In  the  base-emitter  space  charge 
region  with  a  slope  proportional  to  l/2V(cj.  The  lowest  values  of  Jg 
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and  highest  values  of  $  are  obtained  with  no  band  gap  narrowing  and 
SRH  recomblantlon.  When  Auger  Is  added  to  SRH,  Jg  increases  and  B 
decreases  at  high  bias  voltages.  This  results  from  an  Increase  In  the 
Injection  of  holes  Into  the  emitter  due  to  the  Increased  recomblantlon 
rate  associated  with  high  emitter  carrier  densities.  At  low  bias  levels 
recombination  In  the  base-emitter  space  charge  region  dominates  the 
base  current.  Since  carrier  concentrations  are  low,  the  effect  of 
Auger  at  low  bias  Is  Insignificant.  However  when  concentration  depen¬ 
dent  lifetime  Is  Included  with  SRH,  JB  Increases  for  all  bias  voltages. 
In  this  case  the  lifetime  depends  on  the  total  Impurity  concentration 
so  that  recombination  Increases  significantly  even  In  the  base-emitter 
space  charge  region. 

When  band  gap  narrowing  Is  Included  the  base  currents  Increase  for 
all  values  of  bias  voltage  and  the  slopes  of  the  curves  approach  the 
Ideal  limit  proportional  to  l/V^y.  Both  observations  can  be  attributed 
to  a  significant  Increase  In  hole  Injection  Into  the  emitter  due  to 
the  large  values  of  n1E.  Sensitivity  to  recombination  mechanisms  Is 
reduced  In  the  presence  of  band  gap  narrowing  since  Injection  of  holes 
Into  the  emitter  dominates  the  base  current  over  most  of  the  bias  range. 
Similar  conditions  can  be  drawn  from  corresponding  decreases  In  current 
gain. 

The  transient  responses  of  electron  and  hole  distributions  to 
Instantaneous  Increases  In  base  and  collector  voltages  are  shown  In 
Fig.  4.2.5.  Electrons  In  the  base  region  reach  a  steady  state  within 
approximately  0.1  usee,  while  holes  and  electrons  In  the  collector  and 
holes  In  the  emitter  require  1.0  usee.  The  results  Indicate  that  the 
time  limiting  mechanism  In  response  to  an  Increase  In  base  voltage  Is 
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accumulation  of  stored  charge  In  the  emitter,  which  Is  hindered  by  a 
retarding  field.  On  the  other  hand  minority  carrier  storage  In  the  base 
Is  enhanced  by  an  aiding  field.  The  transient  response  to  Increases  In 
collector  voltage  Is  limited  by  depletion  of  both  holes  and  electrons 
In  the  collector. 

B.  MOS  Capacitor 

The  analysis  of  an  MOS  capacitor  requires  only  the  solution  of 
Poisson's  equation  perpendicular  to  the  oxide  Interface  since  steady 
state  current  can  be  neglected.  The  numerical  analysis  avoids  the 
assumptions  often  Included  In  analytical  methods  such  as  the  depletion 
and  strong  Inversion  approximation.  Accurate  calculations  of  mobile 
and  depletion  charges  are  possible  for  arbitrarily  doped  substrates. 

There  are  several  considerations  In  the  numerical  Implementation 
of  an  MOS  structure  which  differ  from  the  bipolar  example.  First,  the 
dissimilarity  In  dielectric  constants  across  the  oxide-silicon  Interface 
(x»t  In  Fig.  4.2.6)  must  be  accounted  for  by  Including  a  normalized 

U  A 

relative  permittivity,  Er,  In  Poisson's  equation.  The  spatial  variation 
of  Er  can  be  defined  by. 


Er(M 
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for  1  <  l. 


(4.2.28) 


p  for  1  >  It 

where  1^  Is  the  grid  node  corresponding  to  the  oxide  thickness,  and 
e0J<  and  are  the  permittivities  of  the  oxide  and  silicon  respectively. 

The  boundary  conditions  are  also  modified  for  the  MOS  structure. 

The  metal  or  gate  contact  Is  placed  at  x*0  and  the  substrate  contact 
at  x*L.  The  reference  voltage  Is  taken  as  the  majority  carrier  quasl- 
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ferml  level  In  the  substrate  at  x-L.  The  effect  of  the  bias  voltages 
on  the  quasl-ferml  levels  In  a  p-type  substrate  Is  shown  schematically 
In  the  energy  band  diagram  of  Fig.  4.2.6.  The  gate  to  source  voltage, 
Vg£,  displaces  the  metal  ferml  level  with  respect  to  the  minority 
carrier  quasl-ferml  level  while  the  source  to  bulk  substrate  VSB  dis¬ 
places  the  minority  level  with  respect  to  the  majority  level  .  The 
potential  at  the  substrate  contact  is  determined  from  equilibrium.  The 


boundary  conditions  are  summarized  by, 

4  (x)  ■  0  (4.2.29) 

P 

4>n(x)  "  V$B  (4.2.30) 

4(0)  ■  <J>(L)  +  VgB  (4.2.31) 

4(L)  -  *n  1^1.0  +  (4.2.32) 

where  VgB  Is  the  gate  to  bulk  voltage. 


The  one-dimensional  analysis  Is  especially  useful  for  capacitors, 
on  non-uni formly  doped  substrates,  which  cannot  be  described  analytically. 
An  Important  practical  example  Is  the  threshold  shifting  Implant  In  an 
MOS  transistor.  Fig.  4.2.7  shows  the  electron  and  hole  concentrations 
for  several  gate  voltages  In  a  typical  surface  Implanted,  p-substrate 
transistor.  Fig.  4.2.8  shows  the  total  electron  charge,  Qn,  and  the 
total  net  charge,  as  a  function  of  surface  potential  for  the  same 

structure.  The  total  charge  Is  calculated  by  Integrating  the  charge 
densities  from  the  surface  to  the  bulk.  The  net  charge  Is  the  absolute 
value  of  +  n-p.  The  three  operational  regions,  accumulation,  depletion 
and  strong  Inversion,  are  clearly  visible  In  Fig.  4.2.8.  Both  results 
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will  aid  In  the  prediction  of  a  device  threshold  as  a  function  of  the 
Implanted  profile. 

4.2.5  Summary 

A  detailed  description  of  a  one-dimensional,  transient,  semicon¬ 
ductor  analysis  program  has  been  presented.  Fundamental  equations  were 
described  and  numerical  procedures  were  discussed.  Applications  were 
presented  Including  high  level  and  transient  simulations  of  a  bipolar 
transistor  and  threshold  analysis  of  a  non-unlformly  doped  MOS-capacItor. 

The  program  Is  capable  of  analyzing  any  one  dimensional  structure 
with  two  or  three  contacts.  In  addition  arbitrary  profile  shapes  and 
extensive  ranges  of  bias  voltages  can  be  accomodated.  Second  order 
physical  models,  such  as  band  gap  narrowing,  concentration  and  field 
dependent  mobility,  and  Shockley-Read-Hall  and  Auger  recombination  are 
1 ncl uded . 

The  general  formulation  facilitates  the  addition  and  modification 
of  physical  models,  boundary  conditions  and  physical  parameters.  For 
example  avalanche  multiplication,  radiation  effects,  and  photo-response 
could  be  simply  Included  as  additional  terms  In  the  recombination- 
generation  rate  In  the  continuity  equations.  The  restrictions  on  the 
external  boundary  conditions  can  be  relaxed  by  Including  a  current 
boundary  condition  with  finite  recombination  velocity.  Non-unlformly 
distributed  base  current  could  be  simulated  by  Inserting  position 
dependent  majority  carrier  generation  sites  throughout  the  base  region. 

In  conclusion,  the  program  has  been  designed  to  evaluate  the  effects 
of  physical  models  and  parameters,  and  device  structures  on  the  perfor¬ 
mance  of  semiconductor  transistors  and  diodes. 
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(a) 


x(Mm) 

(b) 


Fig.  4.2.1  Impurity  profile,  (a),  and  potential  distributions, 
(b),  for  a  typical  npn  bipolar  transistor. 
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/3//3max  (amps/cm2) 


Fig. 


(a) 


Jc  (amps/cm  ) 

(b> 


4.2.3  Collector,  Jc,  and  base,  dg,  current  densities  as  a  function 

of  base  emitter  voltage,  '{a),  and  normalized  current  gain, 
B/6  ,  versus  collector  current  density. 


Fig  .  4.2.4a  Effect  of  band  gap  narrowing  and  recombination  mechanisms 
on  collector  and  base  current  densities. 


(amps/cm2) 


Fig.  4.2.4b  Effect  of  band  gap  narrowing  and  recombination  mechanisms 
on  current  gain. 


t--0* 

vB£So.ov 

vCE=o.ov 

t  =0* 
Vbe=0.5V 
VCE=  2.0  V 


•17 


Fig.  4.2.7  Electron  and  hole  distributions  as  functions  of 
to  source  bias  for  a  non-uni  form! y  doped,  p-type 
capacitor: 
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TABLE  4.2.1 


Normalized  Parameters,  Normalizing  Factors  and  Physical  Constants 


Normalized  quantity 

Normalization  factor 

Description 

Symbol 

Symbol 

Value 

Units 

3.405  x  10“3 

Position  coordlnant 

y 

LiV!1/q  "to 

cm 

Electrostatic  potential 

VT=kT/q 

.02586 

volts 

Quasi -ferml  levels 

V*P 

VT 

.02586 

volts 

Electric  field 

E 

VLI 

7.595 

V/ cm 

Carrier  densities  and 
effective  Intrinsic 
electron  concentration 

n,p,n1E 

n1o 

1.45  x  1010 

cm’3 

Net,  donor  and  acceptor 
densities 

Ma,nd 

"lo 

1.45  x  1010 

cm"3 

Carrier  mobilities 

t;1  .t'1 

uo 

1.0 

2 

cm  /V-sec 

Recombination,  electron 
and  hole  current 
densities 

r  n  p 

WtoV1! 

1.762  xlO'8 

coul  2 
sec-cnr 

Recombination  rate 

U 

UoVt"io/L? 

3.234  x  1013 

1 /sec -cm3 

Physical  Constants 


Boltzmann's  constant 

k 

8.62  x  10"5 

ev/®K 

Temperature 

T 

300 

°K 

Electronic  charge 

q 

1.6  x  10"19 

coul . 

SI  permittivity 

Es1 

1.04  x  10"12 

Farad/cm 

S10g  permittivity 

eox 

3.3  x  10"12 

Farad/cm 
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TABLE  4.2.2 
Nobility  Parameters 


ymax 

min 

H* 

k 

E 

cm2/V-sec 

cm2/V-sec 

of3 

- 

V/cm 

n 

1350 

130 

5  x  1017 

0.72 

7,396 

P 

475 

90 

3  x  1016 

0.76 

20,000 

TABLE  4.2.3 

Recombination  Parameters 


r 

Auger 

nsrh 

To  SRH 

6  -1 

-3 

cm  sec 

cm 

sec 

n 

2.8  x  10-31 

5  x  1016 

.5  x  10'6 

P 

9.9  x  10'3J: 

5  x  1016 

.5  x  10"6 
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APPENDIX  4.2.1 


Program  Description 

The  SEDAN  data  structure  Is  divided  Into  an  Integer,  a  real  simple 
precision  and  a  real  double  precision  working  arrays.  Furthermore, 
several  real  double  precision  arrays  contain  the  Input  profile,  the 
dependent  variables  values  and  all  the  Informations  derived  from  the 
dependent  variables.  Description  of  the  content  of  some  of  these  arrays 
follows: 


PS1 

potential  values  for  each  grid  points. 

CN 

net  Impurity  concentration  (positive  n-type. 

negative  p-type) 

DY 

grid  spacing  between  two  grid  points. 

NC 

electron  concentration 

PC 

hole  concentration 

TNP  4 
TNN 

concentration  dependent  lifetimes  for  Shockley-Read-Hall 
recombination 

CNIE 

effective  Intrinsic  carrier  concentration 

MUN  4 
HUP 

mobility  values  for  electrons  and  holes 

Besides 

these  double  precision  arrays  the  are  six  real 

single  precision 

arrays  containing  bias  dependent  results: 

JBA 

base  terminal  current  density 

JCA 

collector  terminal  current  density 

VBEA 

base  emitter  bias  voltages 

VCEA 

collector  emitter  bias  voltages 

VCBA 

collector-base  bias  voltages 

BCJC 

base  emitter  or  base  collector  junction  capacitance. 
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SEDAN  Is  composed  of  the  main  program  and  30  subroutines: 


SEDAN 

BE6AN 

BIAS  P 

CALD 

CJUN 

COMST 

DERFC 

DEVIP 

EQUID 

ERSET 

FGRID 

GETLN 

GETRL 

GUMM 

IMPZ 

ISCOM 

LGTOP 

MODEP 

NORML 

PARSE 

PRINP 

RSUPZ 


main 

effective  Intrinsic  carrier  concentration  (band  gap  narrowing) 

calculation 

Input  bias  processor 

main  matrix  solution.  Simultaneous  solution  for  ty,  n,  p. 

junction  capacitance  calculation 

Input  comments  processor 

error  function  calculation 

Input  device  cord  processor 

Poisson  equilibrium  solution 

syntax  errors  processor 

Input  grid  processor 

reads  a  line  of  Input 

reads  numbers  from  Input  cards 

calculates  base  and  emitter  Gummel  numbers 

calculates  the  Input  profile  when  specified  analytically 

compares  two  strings  of  characters 

gets  logical  values  from  Input  cards 

Input  model  card  processor 

calculates  the  tall  area  of  the  standardized  normal  curve 
reads  the  Input  line  and  determines  the  values  of 
parameters 

print  card  processor 

reads  the  file  saved  In  the  program  SUPREM  and  Interpolates 
the  Impurity  concentration  according  to  the  new  grid  specification 


--4 


SCATS 

controls  the  output 

SEINP 

controls  the  input 

SESYN 

checks  the  syntax 

SHEE 

calculates  sheet  resistivities 

SINIT 

Initializes  and  sets  boundary  conditions 

TGSIN 

Input  title  processor 

TYPEP  • 

type  parameters  processor 

After  completing  the  Input  and  Initialization  the  program  calls 
the  subroutine  EQUID  which  solves  Poisson's  equation  at  equilibrium. 

If  no  bias  Is  specified  (see  flowchart)  the  pi*ogram  outputs  the  result 
and  stops;  If  •*>  bias  Is  specified,  SEDAN  calls  CALD  and  solves  simulta¬ 
neously  for  potential  ij>  and  electron  and  hole  concentrations  n  and  p, 
with  the  equilibrium  solution  as  the  Initial  guess.  One  of  the  Input 
parameters  Is  the  time  Increment  for  the  transient  response.  A  modifi¬ 
cation  of  this  parameter  permits  to  have  a  steady  state  solution  or  a 
transient  solution.  There  Is  no  automatic  Increment  of  the  time  step 
Inside  the  program,  so.  If  one  wants  to  see  the  evolution  of  the  solution 
In  time  (See  Figs.  4.2.4a  and  4b),  he  must  give  Increasing  values  to 
this  parameter  and  perform  the  solution  for  each  value. 

If  one  specifies  a  short  tlmestep,  say  10  picoseconds  he  must  also' 
specify  only  one  bias  point  and  have  the  transient  solution  to  that 
bias  situation.  If  any  new  bias  has  been  specified.  Incrementing  one 
or  both  of  the  Input  voltages,  but  In  this  case  asking  for  the  steady- 
state  solution,  the  previous  solution  of  CALD  Is  used  as  an  Initial 
guess  for  the  next  set  of  bias  conditions.  After  each  bias  point  solu¬ 
tion  and  at  the  end  of  the  analysis,  SEDAN  prints  out  the  values  of 
all  the  requested  parameters. 
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SEDAN  FLOW  CHART 


h 


«  p  *»  F  H  0  I  X  4.2.2 


USERS  PAVUAL 

FOR  THE  Vrp^ION  OPFPATTnG  OH  AN  IBM 
THF  FORTRAN-*  LFVFL  H  COHPIIFR 


770/165  US  INC 


peNFRAL  OrSfRIPTION  OF  «rP*V 


sfdan  < s  f“FrONnucTpp  rcvjrc  analysts)  is  *  computer  program  which 
prorom.^  TPF  OvF-DlMfNSl''NAL  ANAL**!*  OF  *  SFHICPKPUCTOR  STARTING  FROM 
Twr  Ikpup  ITT  PBOFItr  (tHflVTICH  OP  OUTPUT  OF  SUP°EH»  ^  AND  SOLVES  FOR 
T HP  ELPCTetr»l  reOPFRTir*  OF  THF  PFVreF. 

THrrr  rirCTPien  PPCPFFT!cs  0»N  •»*  f  PMP  lft^lv  pescripfo  e*  FIVF  FHYSI- 
C  *L  RrMtlOv«P»PPr  -  POT«*OV  roiMTirv#  ELECTRON  Awp  HOLE  TRANSPORT 
py»TiPv«,  riFOTFfv  and  holp  continuity  eouations. 

WTTH  T>F  A  o  po  OP  J  ATF  »0'JKr«PV  CONDITIONS  Tnr  C0UPLCP  EPUATIONS  CAn  BE 
eOivEP  FOS  Cl"  !CR  C0NCeNTeA7T0N  AHO  RLECTROSTaTIC  POTENTIAL  CDFPEN- 
DrK  T  VARIABLES). 

THC  9rr"w«!v«Trov  ®ATF  IvOlUDFS  SHOCKLrY  REAP  HALL  AND 
AUSFP  »Ff>B  tni T»Cn  hFChini«HS. 

rwr  rfHHfpnor  EQUATIONS  ^»VF  PFEN  WRITTEN  ASSUMING  TH*  APPLICABILITY 
0e  rpc  FIN^TFTn  »FL*t  ION  cOR  A  NON-DE  GENERATE  SEMICONDUCTOR, 

A  MISM  Impurity  C^NOrNTPATtON  EFFECT#  THF  S»)  CALLED  "RAND  6AP  NARROW¬ 
ING*  I*  INCLL'Oep.  it  CON*’ T*TS  OF  an  FFFECTIVF  FOP«IPCFN  CAP 
NARROWING  OUF  TO  OVERLAPPING  OF  THE  ELFCTP.ON  wave  functions  associated 
WITH  THT  IMFU'MTY  FnE  P“ V  LFVELS  And  THE  Intrinsic  conduction  and  va- 

tfvcr  o  AN  0  (rsrc. 

TMC  r^r  _f)  i»>  rNc  io»i*  t  gPfn  TS  PIVIDFP  IM’O  A  NUMRFP  OF  REGIONS.  NOT  EX- 
C r  F  P I N  S  TO.  A  **VI«UF  C-MD  'PACING  IS  s°FCIFIEn  FO»  EACH  PFSIOn. 

AN  IMPROVED  F  IN  ITF  PirrrRFNCr  APPROXIMATION  ?S  OPTAlN*T  CONSIDFRINC 
rue  CI'SPTNT  OfwMTY  te  PI  FF  F®FVTT  *L  eouATIOwS  AND  INTE¬ 

GRATING  twt  o  or  TWFFN  TWO  ADJA'-FNT  GRID  POINTS, 

Tpe  INTEr-PATION  ?«  CAPPirn  OUT  »T  ASSUMING  THF  CARRIER  M^PILITY#  THF 
FLFTTPir  *"i  rj_n  j.-tFNSITY.  *ND  THE  CURRENT  PeNSlTY  TO  ®F  CONSTANT  «*E- 
TveeN  ADJACENT  EP'O  POINTS. 

tpc  TT*.-F-CrPFNPFHT  N  A  T*JCF  OF  THF  eOUATIOwS  is  ACCOUNTED  FOP  PV  A  TINE 
APVANCR-ENT  B'-rurn  CONSISTING  OF  A  OUAS  I-LTnEARIAATION  TFCWNlOUf  IN 
wuicu  THE  TWO  CONTINUITY  eOUATIONS  ARF  E  *FBFSSED  IN  A  TRUNCATFP  TATLOR 
rrpifc. 

Tvr  •<  (tot  y  FOtTlTT^N  IS  ®rAniLY  INVFPTFD  PV  *LU*  DECOMPOSITION  AND  FOR¬ 
WARD  anO  PASS  CONSTITUTION  *pr  USED  TO  SOLWF  SIMULTANEOUSLY  FOR  THE 
P"OT On T I  *L  and  THF  FLFCTPON  AnO  HOLF  CONCENTRATIONS# 

ALL  this  roPMT  TVS  NUMePIOAi  PASIS  OF  SEDAN#  WHICH  IS  USe^UL  FOR  ANA¬ 
LGINS  POTH  TV"  ANO  TNPFE  TF®MINAL»  ONF  PI-EnSIOVAL  DFVICFS, 

the  information  optained  from  thf  device  analysis  include s  values  of 

THR  O  tpRn  VT  VAPIAOtF'  <p.  N.  PST).  AS  YFLL  AS  Any  PARAMETERS  WHICH 
c An  PE  DERIVED  from  TH?  peeENOPNT  VARTIPlFS  SUCH  AS  OUASI-FERHI 
LEVELS,  TERMINAL  CURRENTS.  JUNCTION  CAPACITANCES,  INTF6PATFP  CHARGE# 

ETC. 

it  is  possmr  tmpn  to  ofpivf  an  apppopiatf  mopfl  fo»  circuit  simu¬ 
lation  PROGRAMS  LIME  MS  TnC*y  0®  SPICT m*m  ANP  TO  STUDY  HOW  PHISYCAL 
P  ap  AMFTFRS  Such  as  DOPING  PROFIIF#  LIFETIMES  AnO  CARRIFR  HC®ILITies#  ARE 
RELATED  TO  THE  PEVICF  ELECTRICAL  BEHAVIOUR  ANO  TO  THE  CIRCUIT  PERFOR¬ 
MANCE, 
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<EOAN  INPUT  FORMAT 


THE  INPUT  PARAMETERS  FOP  SEBUM  ARE  SPECIFIED  RV  A  SEOUEXCE  OF 
LINCS  IN  a  OITA  FILE.  FACH  OF  THFSF  LINE’S  »F  LONGS  TO  ON*  OF  THF  FOLLO¬ 
WING  TYPES. 

INIT1 *LI7«TI0N/AN«LYSTS  INPUT/OUTPUT  MOOFL 


T»TLE 
rrMMFNT 
CP  10 

o*-vicr 

profile 

pf*s 

END 


PRINT 

PLOT 

LOAD 


HOOFL 


EACH  CARP  CONSISTS  Or  Owr  OF  THF  A*» "YF  CA PO  TYPF  lOEvTIFirps  FOLLOWFO 
ov  riTHPP  I  rif  I*FTFB  LI«y  0s  A  CHARACTER  SYPJnC  IOF  WHICH  CNLY  THF  FIRST 
FOUR  CHAR ACTrPc  r"F  S  IGNiriC‘NT>.  TKf  PARAMETER  LIST  OP  CHARACTER  STRING 
jc  cfp*B»TFP  r  POx  THF  C  *  T  Y°r  lOFNTIFlfR  »Y  FITHfR  A  COMMA  0»  OnE  OR  HOPE 

"lAi|/«.  ON  l  Y  THE  FIRST  7?  COLUMNS  OF  A  LINE  ASF  RF.AO  »T  SFOAn'S  INPUT 
PROCFP'OP.  I F  not  All  OF  THE  PAR  AM  f  T  FP  $  OF  «  C»RO»S  P*  RAHETfR  LIST  WILL 
FIT  Ovr  0N'r  l  INF.  THFY  may  or  flaOFO  On  THF  FOLLOWING  LINE  IF  A  PLUS  <♦>  IS 
If R f p  a r  THF  FJ^ST  NO n-oiavY  CHAPACTFc  of  THAT  LINE.  CARO  TYPES  thaT  USE  A 
CHARACTER  STRING  INRTEIP  of  a  PAR A-ETFP  list  hay  not  have  a  continuation 
Live,  all  SLAV*  LINES  ARF  IGNCRFP. 

THF  CARP  Types  that  have  a  CHARACTFP  STRING  llfSTFAD  OF  A  PARAhETFP  LIST 
ARF  T  ITl f ,  CCHMFNT.  ANO  FNO .  THE  STRING*  IN  ANY  TITLE  OP  COHHFNT  CAPOS 

ARE  u*Fp  »Y  THf  OUTPUT  POUTINFS*  WHILE  TFXT  IN  STOP  OR  FND  CAROS  IS  IGNOPFO. 
THF  fapa-ftcps  lw  THOSE  CAROS  WHICH  U^F  A  PARAHETFR  LIST  ARE  SPECIFIED  BY  A 
P  A  ®  A**c  TFR  namf  to  WHICH  A  VALUE  IS  F  PU  •  TFf)  fl.F.  <N AMF>-<VA IUT > >•  THF  PARA- 
"Ftcr/i*  *nir  ojtps  "IT  OCCUP  IN  an  V  oprrw  WITHIN  THF  LIST*  SFPAPATrO  FROM 
FACH  OTHfP  RY  CO-MAS.  ANY  RL ANNS  CP  SPATES  WITHTN  THE  LIST  APF  IGNORED. 

Thc  VALL'FS  ASSIGNFO  TO  THF  VAPIOU*  PAPAhETEPS  HAY  Pf  OF  $rv£PAL  0 
FNT  TYRFS  (I.f.  VU-EPICAL,  LOSIOAt.  FTT.J.  IN  THF  CARO  TYPE  DFSCPIPT 
THF  FOLLOWING  F  <G -S »  THF  TYPF  OF  VALUE  THAT  IS  ASSIGNED  TO  A  PA  RAHFTE 
INDICATED  PY  ONE  OF  THE  FOLLOWING  SYNGCt*. 


IFFEP- 

Hi  °* 


S V¥«OL  type 


EXAMPLE  OR  <0ESCPIPTI0m> 


<N>  N'l-FPITAL. 
<L*  LOGICAL 
<0>  DFVICF  TYPE 
<P>  PPOFItE  TYPE 
<f>  layer  type 


10.  •  ?  »  1.?P«>H  ,  350.??6  „ 

T  *  TRUE  *  Y  *  Yr  S  #  F  *  FALSE  »  N  *  NO 
NPNT»  “OSC*  pnoi 
SUPP#  ANAL 

CNST#  EXPO*  COIF*  EPFCr  GIHP 


FOLLOWING  IS  A  OFSCPIPTION  OF  FAfH  CAPO  TYPF  *ND  ITS  ASSOCIATFO  PARAMETER*. 
IN  THIS  OFSCPIPTION  OPTIONAL  PAPAHETEPS  OP  PARAMETER  GROUPS  APF  ENCLOSFD  SY 
POUND  PRACVFTS. 
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gri**  caqo« 


rur  n»:F  oi 
t r  400  fo yr  r 
p»Tp  <e*CIw5 
|v  Hftr  CASFS 
A  5*VTvc  !w  F 
F0»  V®6 V  STFF 
v  tip  are  r>c  5  or 
TH®  «®LFCT#D 
APvinTIGF'  OF 


n®N*IOk»L  S1nuL4tTOn  RPA®®  IN  SFOAN  IS  PfPRrSfwTFp  «Y  OP 
OfWM;.  THFR®  ClK  ®  E  SFVrRAt  »r6T',NS»  ®ACH  WITH  ITS  UNIFORM 
<PI«TANC®  PFTWFFS  T«0  AP.HCENT  GRID  POINT*)* 

IT  WILL  «PT  *»E  NCCF  SS IP  T  TO  USF  ALL  THF  400  GRID  POINTS* 

"IP  po IM TS  ®rFLFCTP  TV  I  SITING  IN  CPU  TIM®. 

r  pppFlir*  o®  FQe  VFPT  NARPOW  BASF*  <THE®F  MUST  S®  A  $UFr»CIFNT 
P  POINTS  I »»  TH  F  RISE)*  T  Hr  ‘"LUTICR  ACCURACY  CAN  PF®FNC  ON 
G®10.  IN  TH®$®  VF®r  PART  real  A®  CASES  Can  BE  USEFUL  TO  TARE 
THF  •''SS  IB  HITT  OF  PAVING  SfYFRAL  PF6IONS. 


TO  0E®IN®  TH®  6® 10  THF  US®»  HAP  TO  SPFriFV  A  CRIP  C*RD  FOR  FACH  REGION* 

THF  FORMAT  ®OP  EACH  GRIP  CARO  »«  t 
6° ID  NRF6*<N>»  nSTP«<N>*  ?TS2*<N> 

WH®R® 

N°FG  «rFcF<  T0  THF  NUV"F®  OF  THE  RFC  ION*  SORTING  FP™  TH® 

PPCINNIKC  OF  THF  <IHUI<TICN  SP  AC*-  COXIOF-SIL  ICON  INT®RF4CF  FOR  NPN 
TPIKSISTOPS  And  FN  DIODE*  or  GATF  CONTACT  FOR  H0«  CAPACITORS)* 

N*TP  P®F*R  R  to  THF  NUPP®®  OF  STEPS  IN  THF  RFCION 

®T*7  REFER*  T<?  THF  CRIP  SPACING  IN  MICRONS  FOR  THAT  PFCION. 

rwr«F  PiPA-FTFP*  “UST  ®E  *PECTF IFD  FOP  EACH  REGION*  SO  TH®PF  WILL  «® 
i*  m,sy  G®I  P  CAROS  AS  HINT  PfciovS  TH  r®F  WILL  RF  IN  the  SIMULATION  SPACE* 

THF  «UM  nr  TH*1  NST*»S  IN  «l  L  ®F5I0NR  C»NHOT  RE  CRFATER  THAN  400. 

IN  THF  r*»Rf  TU*T  THF  INPUT  I®»UR!TT  PRrriL®  FO®  SFP*N  IS  PIRFCTLT  TAVEN  FPOH 
TMC  OUTPUT  o®  SIIPPFM  TSTlNFfRP  UN  IV  FR  ,c  I TT  PRftCFSS  ENSTN'EpING  PROGRAM), 

T“®  u*r®  hi*  Tn  ioiOv  T  nr  DEPTH  0®  THF  *»MtniTrON  F®»CF  IV  SU®®Fm  t THA  V  )• 

I®  tic  *®FC I F  I®  S  A  TOTIL  TrPTH  IN  SFDIN  *lMtll»TION  SPIFF  G®eATF®  THIN  THE 
ON®  In  SUP®®-,  TH®  ImPU®  ITT  COVC®NTRMTON  VALU®  OF  THE  LAST  GRIO  POINT 
IN  SU®p®n  WILL  ®F  FRTENOFO  TO  THF  ACTUAL  N®W  TOTAL  DEPTH* 

T°-£IX--,N  TPF*  0®  TH®  PORSI-LE  G®TD  'PACINGS  TO  US®*  *1  MICRON  CAN  BE 
'yr®IfT®NT  FOR  CONSTANT  OR  LOW  varying  CONCENTRATION  P®0®!LES*  WHILE 
•01  OR  .00®  -ICRCN*  SHOULO  RE  SUFFICIENT  FOR  VERT  STEEP  PROFILES* 

FTIMPI® 

GRID  V®FP»1 *  STS7**  0?  *  NSTR*50 
C* 10  NRFG*?*  ST*7“*  01*  NSTP-100 
GRID  NRFC-3*  STS7»*05*  NSTP-80 


/  'vJ.far.jiAir:.  -  <x 


A  PImPLFP  KAY  TO  «PFCIFY  TWF  R»I0 


c*VFjnrPfKg  tMA  T  p  !  *  POST  CASR*#  *  UNirOo*  GRID  SPACING  WILL  PF  SUFFICIENT 
Tvopucwour  THE  D»»fPT#  »  SIMFLrR  AITFPnATIYE  VAT  TO  SPECIFY  THF  CRTO  HAY 
of  u^Fn* 

IT  T0r«  HOY  prpVJ»F  rue  SPECIFICATION  OF  ANY  GRID  PARC  AT  ALL, 

IT  J*  SUFFiriFNT  TC  SPFFiry  TP*  TOTAL  IfNSTH  nr  TPC  DEVICE  USIN6  THE 

p *•  amftfr  -lc'h-  i*i  Tpe  profil**  ca*d  <see  iate»>. 

T**e  pFppp*.  AUTC-ATICAUt  WILL  TARE  CARF  CF  THE  BFST  CHOICE  TO  HAVE 
GOOD  SAVING  IN  COMPUTATION  TIMF  TOGETHER  WITH  SOLUTION  ACCURACY. 


DEVICE  CAPO 


THP  DFVICF  C«RO  IS  U*FD  TO  SPECIFY  THE  TYPF  OF  DFVICE  TO  BE  ANALYZED. 

THE  FORMAT  IS  * 

DEVI  TVPE.<D>,  (PACO»<N>>*  <  OX TH«<N>  > 

THE  TYPF  CAM  HF» 

M»vT  FOR  ■  IPOL*P  *’PN  TRANSISTORS 

**0*C  FOR  *()«•  FAP«C  TTORP 

PVOI  Fno  fh  oicpfs 

R»CO  CRASF  CONTACT)  PFFFRS  TO  THF  DEPTH  AT  WHICH  THe  PROGRAM  MUST  COnSIOER 
THe  »A*E  CONTACT  TO  RR  WHFn  TYPF-NPNT  (MICRONS) 

OX TM  (OX  IDF  THICKNESS)  REFRRS  TO  THF  THICKNESS  OF  THF  OXIDE  LAYER 

in  thr  case  when  type-nos  c  (microns >• 

example 

DEVI  TYPF-NPNT#  PAC0-Y.5 
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PROFILE  CARD 


THE  PROFILE  CARP  CONTAINS  THE  IMPURITY  PROFILE  INFORMATION* 

THe  FOPMAT  IS* 

PPOF  TYPF»<P>#  CNl AY«<K>)«  CTLAY»<F>>#  CPAR1«<H>>#  CPAR2«<N»#  fPAR3«<N>>» 
♦  CL<!TH»<N>> 

WHPRE  TYPE  CAN  PP* 

ANAL  IP  the  INPUT  PPOFIIE  I*  SPECIFIED  ANAL T T ICALL Y,  FOR  THF  ANALYTICAL 
*PECTriC»TICN  THF  pRfiriLF  IS  CONSTRUCT*1!  OF  SFVFRAL  •LAYERS* 

CUP  TO  10)#  ASP  A  PROFILE  CARP  IS  PFOUIPEC  FOR  EACH  •LAYFR* • 

«UPR  IF  TMF  OUTPUT  OF  SUPRFM  IS  Rf AP  INTO  SEDAN#  IN  THIS  CASE  A  LOAO 
CAPO  PfFFP»lNC  TO  A  FILE  PRFVIPUSIY  SATED  IN  ASCII  FORMAT  FROM 
SUPPER#  »U*T  PF  PPFSFHT  AMONG  INPUT  CARPS* 


NL*  v  IS  TMf  NURPFP  OF  THE  LAYfP 

LSTH  is  THC  TOTAL  LENGTH  OF  THF  DEVICE  IF  NO  GRID  CARD  IS  SPECIFIED 

TL  A Y  CTYPB  CF  LAYfR)  CAN  RF  * 

CNST  FOR  rOR«TANT  IMPURITY  OISTR IRUTIPN 

EXPO  FOR  FXPPNFNTIAJ 

GP IF  FOR  FAUSSTAN  DfPFUSION 

FRFC  FOR  FRROP  FUNCTION  OISTRfRUTION 

GIMP  FOR  GAUSSIAN  InPL ANT AT  ION 

PARI#  PAR?#  PAR*,  A  Rf  THPEF  PARAMETFR*  T*AT  HAVF  PIFFFRFNT  MEANING 

Of PFNPTNG  ON  THr  TYPE  PF  LAYER  THEY  RFff R  TO* 

I)  IF  TL AY»fNS  T 

PARI  I?  THF  R FG INNINF  OF  THF  CONSTANT  LAYFR  IN  MICRONS 
P APR  IS  THE  FNp  OF  THF  CONSTANT  t AYEP  IN  HlCRONS 
PAP*  IS  THF  VALUF  OF  CONCENTP AT ION#  NFGATIVE  FOR 
P-TTPF  AND  POSITITF  FOR  N-TY  CCM-3) 

II)  IF  *L A Y»6DTF  OR  Fjrpo  OR  FRFC 

PART  IS  THF  DIFFUSION  SURFACF  CO  FRON  X»0#  t  FROM 

X*LAST  X) 

PAR?  IS  THF  OlFFUMON  LFNGTH  IM  MirROMS 
PARS  IS  the  SURFACE  COMCFnTRA TION  CCH-2) 


1 


THF  FOy«Tl?NS  **F* 

A>  FOR  THE  GAUFSIAN  DIFFUSION 

Cm  ■  R*R3«FXP-f  ILrPAPT-XI/PIR2>rr2 
B >  FOP  THF  ERROR  FUN CTTON 

•  C<«  *  P*R3*FRFCf  IL»PAP1— XI/PAR2) 


ntyjF  TUT.SINP 


PART 

PAR? 


*•**?'*  THE  6*USSI#K_CHJCPOn?> 


•»MF  .  .  .  _ 

THE  STANDARD  DEVIATION  CHIC^C . 

THF  PEA  *  VALUE  OF  CONCENTRATION  CCN-3J 


THE  EQUATION  Ifr 


cm  *  PAR3*EXP-(<X-PART>/PAR2)a«2 


ETANPtF 


prof 

P»OF 


P°OF 

PROF 


TYPE«#F*l 

NLAY.T*  TIAT-COIF* 
HUY-?*  TLAV-CNST  » 
NLAV-3,  TLA Y-CD IF  * 


PART-0*  PAR2-.S*  PAP3-1ET® 
PART-.5*  RAR7-2.F*  PAR3-1F15 
PAR1-T*  PAR2-.5*  PARJ-TFT* 


OR 

P»OF  TYPF-RUPR 
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PIA«  C APD 


THF  «*  T*  •«?  CAPO  SPECIFIES  THF  VOLTAGFS  AT  WHICH  ONE  VAllTS  THF  ANALYSIS 
TO  BE  PEPFOPFFD. 

OFPEnOINC  OH  the  Type  OF  DFVICF  TO  AnALYTF  THE  VOLTAGFS  CHANCE  NAHE* 


IF  NPNT  t 


IF  POSC  * 


IF  PM 01  * 


YHFF  «  F1S«T  PASE-F-  ITTFP  VOLTAFE 
VBFL  -  L  A*T  P A SF -E *! TTFP  VOL  T  API 

VPFS  »  STFP  IN  PAS* -FRITTER  VOLTAGF,  THE  PASE-FHlTTER 
YOLTACE  IS  INCRF"FNTED  fpoh  vpef  to  ybel  at 
STFP$  OF  V*  ES 

VC»T  *  FIRST  COLLFrTOP-FHiTTFR  VOLTAGF 
VC*-l  »  LA*T  COtLFf  TOP-f»ITTER  VOLTACF 
VCES  *  STFP  IN  COL lF  CTOP-HFPlTTFR  VCLTACF 


VCSF  »  FIRST  CATe'-SOOFCF  VOl TAPE 

vgsl  ■  i»*t  c*TF-sru®rF  voltagf 

Vcpc  »  STFP  IN  CATr-cfjyerc  VPtTAGE 
YCF  F  »  rjNST  fOVFrr-POlF  VOLTAGE 
VS»L  »  LAST  SOl/PCr-SULF  VOLTAGF 
VSPS  »  5TFP  TM  SOUPFr-»ULF  VOLTAGE 
VFSA  -  FLAT  PAwr  VOLTAGE 


VDOF  ■  FIP«T  OTOPE  VOLTAGE 
VPDL  ■  LAST  01 OPE  VOLTAGF 
VDDS  •  STFP  IN  OIODF  VOLTAGE 
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fwrUT/OUTFUT  CARO? 


TMC  iH^Ur/rurPur  CARDS  ARF  THF  PRINT*  PLOT  AND  LOAD  CARDS.  THE 
FIRST  TWO  OF  TWf?r»  TN£  PRINT  I NO  PLOT  CARDS*  4Rr  USTD  FOR  CONTROLLING  THE 
hardcopy  output  or  the  program. 

TM*  OTHFR  INPUT  CARD*  thf  load  carp,  is  usrD  to  read 

A«  IwPWT  TO  «eo*N  *  FILF  OF  THF  SA TYRR  Of  THF  PROGRAM  SUPRFM* 

THF  FOR-AT  IS  THF  SAHF  IS  IN  PROGRAM  SUFRRW*  THF  ONLT  CONSIDERATION  IS  THAT 
THE  SuPpEh  SAVE  FILE  HAS  TO  BE  SIVFP  IN  ASCII  FO R*AT. 


PRINT  CAR« 

THF  PRINT  CRPOR  CONTROL  SFOMMS  PRINTED  NUKFRICAL  OUTPUT*  VNICH  IS  OF 
TWO  B*«TC  TVPFS.  THF  FIRST  TYFF*  CALtFO  THE  H*ADTNG  INFORMATION*  IS  CONT- 
R^LL'D  PY  THF  *  °InT  CAPO**  HE  *0  PARAmETFR.  THF  HEADING  CONTAINS  INFORMATION 
APOUT  THF  V •  !  UF  S  OF  Ywr  TERHINIL  (FMITTFR,  PISF  A  NO  COtLFCTOP>  CURRENTS*  FOR 
E  40H  R I *S  POINT*  THE  SHFFT  RESISTANCES  FOR  FACH  L* YES  OF  PIFFFRFNT  TYPE* 

T«F  VALUE*  OF  thf  PC  CUPRPNT  SAIN  PfTA,  THE  F<»ITTFR  AND  BASE  GUMMFL  NUMBERS 
A  VO  OTMtp  UTILITY  INFOPWATICM. 

THF  fFCOv"  TYPE  0*  PRINTED  Nl'MFF|C»L  OUTPUT  I*  DIVIDED  INTO  THREE  CROUPS 
nr  r»T*.  V?  COULD  CALI  Tpr*  PP  TPA  R Y  INF  ORM#  TION  S  AWP  SECONDARY  ON  FS. 

T  uc F  c  LOS  TC  *L  PAPAMFTfRR  CONTROL  tmFrf  TH^F  SET?  OF  PR INTFD  OUTPUT. 

THF  INFORMATION?  C0««  I N  C  OUT  upr*  *  *  Ch  rf  THF  THREE  PARAMETERS  IS  SFT  TRUE 
ipc  OF  eCR  In  FC  IN  tkf  CARD  FORMAT  OF  SCRI  PT)I<’N» 

THF  print  Caro  PARAMETER?  ARE  LOGICAL  FLAGS  AND  SO  THFY  MUST  BE  SFT  TRUE  OR 
FALSE  IN  THF  input  deck  of  ca»os, 

THF  PRINT  CARO  FfPp AT  IS  t 


PRtNT  <HEAP»<1>>»  (PRT1*<L> )*  <PRT2«<L>>*  <P*TS»<L>> 


MFAD  Rrrrp«!  TO  THF  HFAOTNS  PAGF  OF  GENFRAL  INFORMATIONS  AND  UTILITY 

DATA.  THF  DFFAUIT  V  AL  UF  IS  TRUF. 

RRT1  C0NTO0LS  TpF  P*TmTFO  OUTPUT  CF  THE  5RI0  NUMPFR  *  THF  DEPTH  IN  MI¬ 

CRON*  roR*F?POFniNC  to  fach  GRIM  nUMBFR*  TM*  flFCTROSTATIC  P0“ 

T fn n A t •  THF  eleCTRON  AND  HCLr  CONCENTRATION?*  THF  ELECTRON  ANO 
HOLE  CURRENT  OfnSITY*  Jpr  RFC0*«*TNATI0 N  RATES* 

Tpr  offauLT  VALUF  1?  FALSE. 

P*T2  CONTROL?  THF  PPINTEO  OUTPUT 

fonn-R  rrR RESPONDING  TO  EACH 
I«*FURITT  CONCENTRATION*  THE 
TSNTIALS, 

THE  DEFAULT  VALUF  IS  FALSE. 


OF  THE  crio  NUMBER*  THE  OEPTH  IN  MI- 
8 RIO  NUMBER*  THF  ELECTRIC  FIELD*  THF 
ELFCTRON  ANO  HOLE  QUASI-CERMl  PO- 
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pptt 


CONTROLS  ▼HF  PRINTED  OUTPUT  OF  ALL  THE  BIAS  OEPFNDFNT  VALUES  LIKE 
DftrP.rMiTTFP  o o  R  ASP-COLLFCTOR  JUNCTION  CAPACITAnCF#  BETA*  THE 
rrUFfTO*  AND  »A«E  current  densities. 

THF  DEFAULT  VALUF  IS  FALSE. 


LOAD  CAPO 


THF  LOAD  CARD  IS  USFD  TO  RF AD  THF  SAVFD  FJIF  OF  THE  PROGRAM  SUPREH. 

T**F  LOAD  CA°D  HAS  ONLY  ONc  PA 
UNIT  NU"6ER  THAT  IS  ASSIGN'D  TO  T 
per*.  THE  TYPe  OF  DATA  TRANSFER 
STORFD  IN  THf  SUPRFP  SAVE  FILE. 


TH«  FORMAT  OF  THF  LOAD  CARD  IS* 
LOAD  LUNN«<N> 


LUNM  *  A  FOP  RAN  I/C  L06 IC *L  UNIT  MUMPER  WHICH  HAS  BEEN  ASSIGNED  TO 
A  Data  FILE  IN  THE  J.C.L  OFF*. 


RAhFTRR.  IT  SPECIFIES  THF  FOPTRAH  LOGICAL 

““ - - -  -  £  JC-  -  - 


HR  DATA  FTLF  IN  THE  JOB  CONTROL  LANGUA 
MUST  BE  ASCII  AND  SO  MUST  BE  THE  DATA 


CF 


PLOT  Ctpn 


▼HP  plot  ca«ts  contpol  srrAN*s  plottpp  cutfjt  ll int  printpr  plot 
In  rwr  irh  Vprpjon).  all  the  pipimptFR*  havf  tOGIC  VALUES  *wp  A  RF  PE- 
FAUITFO  *-AL«c  <NO>.  PATH  PARAMETER  SET  TRUF«VER>  CAUSES  a  PAGE  PLOT. 
Turor  APf  TWO  0 IPPFPF  NT  SFTP  OF  PARAMETERS.  CNF  DEPTH  OFPENDFNT  WILL 

RP  PLOTTFD  AFTEP  PACH  PIAS  point*  one  bias  dependent  will  be  plotted 
* ptfr  THP  l apt  pjas  point  in  a  SEOUFNCE  or  BIAS  POINTS. 


THE  FO»MAT  IS* 


PLOT  CFP|E»<t'  |PHlN»<t>>#  (PHIP«<L>>*  <PSJP»<L>>*  <NCOH*<L>># 

♦  <MrON*<l'.»  <FfON»<L>>*  «PETA»<L»*  frCPE»<L>>*  <BCDE»<L>># 

*  <»fjc»<l>>*  cprjr«<i>> 


THP  F IPS Y  PEVFN  “APAMFTFRS  ARF  DEPTH  PFPFNDEnT  AND  THEN  OEPTH  WILL  *F 
T**P  X  AXIS.  THP  L»ST  FI  VF  PAPAnFT®S  ARF  BIAS  DEPENDENT  AND  THF  APPRO- 
PIATE  VOLTAGE  WILL  PE  THE  X  AXIS. 
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C.  nOOEL  CA®* 


Tvr 

OF  THr‘P"Y* 

ttipn  r»*>*c 
npticf  that 
ly  omE  »t .• 

Sf*  IN  she 
or  rr>cu»pn 
FO»  EACH  SP 

s  ITATTPH* 

TWO  C*M3ITJ 
PIFFE  PENCE 


c»  c#or>  COPT*  INS  THF  pM|«|?n.  nPPFLS  SFEC IFICATI0N#THC  VALUES 
1C*i  rON* ▼»K7r»  THr  PFPUeST  FO®  TMf  CALCULATION  OF  THF  JUN- 
ITARCes  ANC  OTVrP  UTILITY  Pi  PALTERS.  _  , 

jr  T**r  r*LCUL*TIPN  OF  *  CAPACITANCE  IT  ^SKFP  COH- 

▼  T<*F  CAN  Pf  AS^ED)*  TH«  RASE  AnO  COLLECTOR  CDIOOD  BIAS  MUST  PF 
IPP«0®IATF  WAT  TO  <S*U*F  GOOD  CALCULATIONS  ®OTM  Iw  THE  casc 
OP  prvFPPE  PI*?  OF  T«E  jurcticn.  _ 

cf  if*  rP  P 1  » 5  POINT  THF  P®OGR*H  *CTUA  LL  Y  CALCUIATFS  TWO  BIAS 
*ip\h)jCE  "r  ?0  NHL  IVOLTS  *  lN,r,P®ATFS  THr  CH»RCF  AT  THE 
ON*  »v0'  f ALCUL  *TF s  THF  CAPACITANCE  AS  THF  RATIO  BETWEEN  THE 
IN  CHARGE  Of VI OF 0  BY  THF  C IFFIRFNCE  IN  VOLTAGE. 


THr  FP®“*T  CF  Tpr  hcofl  ca*o  is  t 


*CO*L 

* 

♦ 

♦ 

♦ 


(*c  wc  */>L>  )  » 

<cp  **j  *<n^  )  • 

(HOP7s<N'»>  * 
<»FJC»<L>>. 


( AURf^<L>>* 
<FLFT«<n>»# 
C  HOP?*<W> 1 . 
«pOPF*<N> J# 
<  DO JC»<L>  > 


f»GNW*<L>  >* 
f  HLFT»<nV), 
<P0*4«<v>>» 
<H0PO»<N>>* 


(TWC«<N>)» 
<HO?0»<W>>» 
fNO«»5*<TY>)# 
(NSRH»<N>  >  * 


<**0»1»<N>>* 

CN0BP«<N>)» 

IBCJC«<L>>* 


WMF*E* 


4 


SPHP 

«WSF 

•GMW 

TIHC 

CW*0 

CP«U 


I?  A  LOGICAL  FL  A?  WHICH  CONTROL?  *“F  CHOCWIEY  RFAO  HALL 
orrowsiNATlON  HfCWANlSH,  IF  IT  I?  c»LSe  OP  NO  IF  OP  W>* 

THF  «Pk  prCOPPlNATICN  IS  IhSE^tFO  IN  THF  POCFl  POT  WITH 
rov* tjvt  rir*T?PN  *NP  hOIFS  LTFFTI“F  (EQUAL  TO  FLFT  AND  MLFT). 
tr  ecHP  I?  T«UF»  CONCrNTP*TION  OEPFNDFNT  LIFETIMES  ARF 
lN*F*Tfp  In  TH?  hPOEL  I SFF  1  'PHYSICAL  *ODFLS»>. 


IS  *  LOGICAL  FLAP  WHICH  CPNTPPl*  ThF  A 
nrcHiNl***  (  SFT  •  PHT  *  1C  A  L  nO°E  LS  •>*  IF 
PINATIC*'  1?  iNSfOTro  jn  THF  H  PfFL*  OTH 


JPER  PFCOHPIHATI  ON 

tT  IS  T»OEf  AUPFR  PECON- 

•PWISF  IT  IS  NOT. 


IS  A  LOGICAL  FLAP  WHICH  CONTROLS  THF  SO  f ALLF 
NIP pp w I n P  PM | ? I Ci L  hFCManISH  ISFE  'PHYSICAL  HI  -a,4- 

IT  I«  T®UF*  THF  B AND  GAP  NARROWING  IS  CONSIDERED*  OTHF»WlSF 
IT  IS  NOT. 


0  "BAND  GAP 
ODFLS»>.  IF. 


ITINF  InCRFhFnT)  ®£FE®S  TO  THF 
TT  INDICATE*  THF  TInF  ISfrONDSJ 
I«  prsipro. 


TP ANSIEN T  ANALYSIS. 

AFTER  WHICH  TH*  SOLUTION 


AFF  TWO  CONSTANTS  IN  AUGE  *  RE  CONN INAT ION  FORMULATION  ISEF 
EQUATION). 


UAUSEP  »  CN*U»IP*N»p2-M«NIEpp?>pCPAUn<N»P»»2-PpNIFpp2> 
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flFT 

HLFT 

VMC  RE 
/IMP 

**?«0 

TO 

MO«*9 

BCJC 

PCJC 

DPJC 


pCffpr  Tf»  TKr  v ALUe  nr  ELFCTROn  LIFETIME  IX  THE  SHOCKLFY  RFAD 
MALI  cTCfi»f‘lK*  T  IOM  MECHANISM.  VH  r  LIFETIME  FOR  ELFCTROv  IS  EOUAL 
TO  FVFRYUMCPC  if  SPHF-N*  ONLY  AT  LOW  CONCENTRATIONS  if 

<SCF  ECUATIONI. 


prpppp  to  THE  VHUF  OF  HO  IF  LIFETIME  IN  THF  SHOCKLEY  READ  HALL 
RFCCHRIMATIOV  MFCHAnISM  CiFE  EOUATION). 


USRH  «  CN«P-NIF,»?;>/<TNN*<N*Nl>pTPP«tP*P1>> 


TNJ#  •  FLFT/MMNTCX>/NSRH>> 
TPP  «  HLFT/ft4<MT<*)/NSRH) J 


PFFTP  TP  TWF  V*iur«  OF  TrM  CONSTANTS  in  THF  MOBILITY  AS  A  FUNCTION 
o«-  FircT**rc  f rf to  «*n  i«Fu»irr  comcfntration  sffcif  jcation. 

HFP  E  rPLLOV  *  THF  ®FL  ATI  ON  VHF*F  *0°0  TO  M0*4  RFFER  TO  THF 
FXPpF«TION  FOP  ELECTPONS  *NO  NCP5  TO  NPR9  TO  THE  SIMILAR  rX- 
PPESS I  OR  FOR  HOLFS 


MOP  ILITT  »  CHeRO*(MOR1-MORO>/C*MM<X>/NOB2>»HOB3>>«C1*f  <X>/H0B4>»*-1 


pcpfPF  rpr  v  *LUe  OF  THF  CONSTANT  nsrh  IN  TARLE  III  AmD  In 
FEL AT  ipntutpf  71  in o  ?*  OF  THF  BfPPRT  t  IN  THF  SHCCKLEY-RF AD- 
HfLL  t*r^*',»IvATIPN  { SFF  R F  *OP r> • 

tncjr  PL  *0  F0»  THC  CALCULATION  OF  THE  MSF-COLLECTOR  JUNCTION 
CAP  ACITiNCF. 

10?  IP  rL*R  FCp  THr  CALCULATION  OF  THF  RAF*-— FM ITTER  JUNCTION 
r»»Ar!T»NCE.  CAN  RE  RFVERSE  OF  FORWARO  DEPENDING  ON  THE  SPECI¬ 
FIED  RIAS, 

LOGIC  FLA5  FOF  THF  CALCULATION  OF  THE  DIODE  JUNCTION  CAPACI¬ 
TANCE. 
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DEFAULT  V»LUFS  * 

aaaaaaaaaaaaaaaa 

SRHR  a  Y 

» UCE  «  N 
PCM  If  »  Y 

TINC  «  10  fFTc*DY  STAT E> 
CMAU  •  ?.«F-31 
CP*U  -  9.9F-3? 

ELFT  a  .5F-6 
HI  FT  »  .*E-6 
•"'“0  ■  1407.3 
HPP1  a  71.1 
"OR?  a  1.1E17 

*"*3  a  ,7?0 

*0?A  a  7.396E3 

*P95  a  4*7.7 

*np#  a  AC. 7 
PCP7  a  1 «  *F  1 7 

appp  a  0.700 
aneo  a  2»0C  l 
N«PH  a  7.1E15 
®CJC  »  N 
°FJC  ■  N 
COJC  »  M 
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4.3  TWO  DIMENSIONAL  MODELING  OF  NONPLANAR  DEVICES  ON  MINICOMPUTERS 

J.  A.  Greenfield 


4.3.1  Introduction 

At  the  present  time  the  design  of  Integrated  circuits  using 
metal -Insulator-semiconductor  (MIS)  technologies  relies  heavily  upon 
empirical  data  for  the  optimization  of  device  performance.  There  Is 
also  some  use  of  theoretical  results  based  on  various  analytic  and 
numerical  models  of  the  device  physics.  The  process  of  optimization 
Involves  the  determination  of  device  parameters  which  yield  some  form 
of  optimal  device  performance. 

When  using  empirical  data  to  perform  the  optimization,  each 
device  parameter  variation  requires  a  modification  of  the  processing 
schedule  and  the  Initiation  of  a  new  process  run.  This  technique  can  be 
very  expensive  as  well  as  time  consuming.  Once  a  modified  device  has  been 
fabricated  the  device  evaluation  Is  accomplished  through  measurements 
of  device  performance.  These  measurements  are  necessarily  subject  to 
uncertainty  Introduced  by  process  variations  and  measurement  Inaccuracies. 
The  evaluation  of  a  device  through  measured  device  performance  also 
provides  little  physical  Insight  Into  the  factors  governing  the  device 
operation. 

The  use  of  computer  and  analytic  prediction  In  the  optimization 
avoids  the  disadvantages  associated  with  the  use  of  empirical  data  and 
provides  the  device  designer  with  good  physical  Insight  Into  device 
performance.  However,  most  predictive  techniques  currently  In  use  are 
based  on  one  dimensional  approximations  to  the  true  device  structure. 
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Accurate  results  may  be  expected  from  these  techniques  only  when  the 
assumed  approximations  are  valid.  Even  when  the  approximations  fall 
the  predictive  techniques  may  still  be  useful  for  anticipating  trends 
In  the  variation  of  device  performance  with  changes  In  device  parameters. 
However,  the  techniques  no  longer  provide  accurate  quantitative  Infor¬ 
mation  and  lose  their  value  as  an  optimization  tool.  More  accurate 
results  can  be  provided  by  two  dimensional  modeling  capabilities. 

The  present  state  of  the  art  in  device  technology  allows  the 
construction  of  many  devices  which  may  no  longer  satisfy  the  one  dimen¬ 
sional  approximations.  This  problem  Is  currently  of  importance  In 
the  design  of  Integrated  circuits  which  have  high  packing  densities  or 
have  the  capability  to  operate  at  high  applied  voltages. 

The  attainment  of  high  packing  density  requires  that  the  device 
dimensions  be  reduced  to  the  point  where  the  devices  are  highly  two 
dimensional  In  nature.  The  device  operation  then  depends  on  the  two 
dimensional  characteristics  of  the  device.  Particular  examples  In  this 
area  Include  random  access  memories  and  serial  memories  utilizing  charge 
coupled  devices  [4.8,  4.9]. 

The  remalnde  of  this  section  deals  with  various  considerations 
involved  in  the  two  dimensional  modeling  of  semiconductor  devices.  Sec¬ 
tion  4.3.2  describes  the  advantages  and  restrictions  associated  with  the 
use  of  a  minicomputer  to  simulate  general  MIS  device  structures.  Section 
4.3.3  describes  several  of  the  many  applications  for  a  computer  program 
which  solves  the  electrostatic  Poisson  equation.  Section  4.3.4  discusses 
the  device  structure  characteristics  which  should  be  allowed  by  the 
computer  program  In  order  that  general  MIS  devices  may  be  treated. 
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Section  4.3.5  treats  the  discretization  of  Poisson's  equation  using  a 
five  point  finite  difference  approximation.  Section  4.3.6  describes 
the  numerical  techniques  and  iterative  algorithms  which  are  used  to 
obtain  the  solution  to  Poisson's  equation. 

4.3.2  Two  Dimensional  Modeling  on  Minicomputers 

In  many  instances,  the  use  of  a  minicomputer  is  preferable  to 
time  sharing  a  large  computer  system.  The  minicomputer  can  offer  the 
advantages  of  lower  operating  expense,  greater  convenience  and  less 
total  execution  time.  The  major  disadvantages  of  a  minicomputer  are 
typically  the  limited  available  memory  and  the  slower  execution  of 
arithmetic  operations.  Minicomputers  operate  with  interactive  systems 
which  introduce  minimal  system  overhead  into  the  total  time  necessary 
to  accomplish  a  task.  A  time  sharing  system  services  many  users  and 
must  necessarily  introduce  significant  system  overhead.  Thus,  although 
the  minicomputer  executes  arithmetic  operations  more  slowly  than  the 
large  computer,  the  total  time  required  to  perform  a  task  is  usually 
smaller  on  the  minicomputer  because  of  the  lower  system  overhead  and 
the  lack  of  a  large  number  of  simultaneous  users. 

The  implementation  of  two  dimensional  modeling  capabilities 

on  an  interactive  minicomputer  system  provides  the  device  designer  with 

a  tool  which  is  well  suited  to  the  process  of  device  optimization. 

* 

During  the  optimization  process,  each  change  to  a  device  structure  can 
be  determined  based  on  the  device  performance  predicted  by  simulations 


272 


of  the  previous  device  structures.  The  Interactive  nature  of  the  mini¬ 
computer  system  greatly  facilitates  this  Iterative  procedure. 

The  use  of  a  minicomputer  does  Impose  some  restrictions  upon 
the  type  of  numerical  calculations  which  may  reasonably  be  performed. 

The  speed  of  arithmetic  operations  on  a  minicomputer  Is  usually  slow 
enough  that  simulations  requiring  excessive  amounts  of  computation 
should  be  avoided.  Of  course,  even  on  a  time  sharing  system,  the  require¬ 
ment  for  large  amounts  of  computation  Is  undesirable  because  of  the 
expense  Involved.  This  point  will  be  addressed  later  In  this  section. 

The  storage  requirements  for  a  simulation  may  easily  exceed  the  available 
memory  of  a  minicomputer.  However,  the  use  of  Iterative  relaxation 
techniques  In  performing  the  simulations  allows  most  of  the  storage  to 
be  provided  by  a  mass  storage  device  such  as  a  disk  or  a  tape.  Mini¬ 
computers  with  limited  memory  generally  have  mass  storage  devices 
available.  The  relaxation  techniques  will  be  described  In  Section  4.3.6. 

In  a  fairly  general  case,  the  two  dimensional  analysis  of  a 
MIS  device  Involves  the  simultaneous  solution  of  Poisson's  equation  and 
the  continuity  equations  for  electrons  and  holes  within  the  entire  device 

cross  section.  This  presents  a  formidable  task  requiring  a  great  deal 
of  computer  storage  and  execution  time.  Obtaining  these  solutions  on  a 
minicomputer  would  generally  be  unreasonable.  Several  authors  have  deve¬ 
loped  computer  programs  which  Implement  various  techniques  for  performing 
these  solutions  [4.10-H]«  However,  the  complexity  of  the  problem  generally 
leads  to  the  treatment  of  only  a  very  limited  set  of  device  structures. 

For  example.  In  the  simulation  of  MIS  transistors,  the  device  Is  often 
taken  to  have  rectangular  boundaries  with  portions  of  the  boundary  used 


to  approximate  the  source  and  drain  diffusions  [4.12],  The  excessive 
computational  requirements  severely  restricts  the  number  of  device 
examples  which  can  be  Investigated,  limiting  the  usefulness  of  the  solu¬ 
tions  for  device  optimization. 

If  the  treatment  of  charge  transport  may  be  eliminated,  then 
It  Is  only  necessary  to  solve  the  electrostatic  Poisson  equation.  In 
many  cases  these  solutions  yield  sufficient  Information  to  aid  In  device 
optimization.  This  will  be  elaborated  on  further  In  Section  4.3.3.  The 
amount  of  computer  storage  and  execution  time  required  for  the  solution 
of  the  electrostatic  Poisson  equation  Is  much  smaller  than  for  the  solu¬ 
tion  of  the  entire  charge  transport  problem.  Reducing  the  amount  of 
computation  makes  It  feasible  to  obtain  the  solutions  using  minicomputers. 
It  also  becomes  more  reasonable  to  Increase  the  generality  of  the  allowed 
device  structures.  By  doing  this  the  simulation  capabilities  may  be 
applied  to  a  more  complex  and  diverse  set  of  devices. 

4.3.3  Applications  for  the  Simulations 

There  are  several  types  of  device  design  problems  where  solutions 
to  the  electrostatic  Poisson  equation  provide  useful  Information  for 
device  structure  optimization.  While  applications  for  CCD's  and  high 
voltage  devices  have  been  considered  [4.13],  this  work  will  focus  on  the 
applications  pertinent  to  VLSI  device  structures. 

The  design  of  short  channel  MIS  transistors  Is  aided  by  the 
ability  to  determine  the  electrostatic  potential  distribution.  When  a 
transistor  Is  not  conducting  significant  current  the  phenomena  of 
punch  through  can  be  Investigated.  Two  dimensional  simulations  are  used 
to  determine  when  the  potential  barrier  between  the  source  and  drain  Is 
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lowered  sufficiently  to  allow  the  flow  of  a  subsurface  current,  Figure 
4.3.9a  shows  the  cross  section  of  a  MIS  transistor  In  which  the  drain- 
source  bias  Is  Insufficient  to  cause  punch  through  to  occur.  The 
equl potential  lines  shown  Indicate  that  the  depletion  regions  associated 
with  the  source  and  drain  diffusions  have  not  merged.  Figure  4.3.9b 
shows  the  same  device  cross  section  with  an  Increased  drain  source  bias. 

In  this  case  the  equl potential  lines  indicate  that  the  depletion  regions 
associated  with  the  source  and  drain  diffusions  have  merged  below  the 
channel  region.  The  potential  has  the  form  of  a  saddle  In  this  region. 

It  Is  evident  that  the  potential  barrier  between  the  source  and  the 
drain  Is  smaller  In  the  region  of  the  saddle  potential  than  It  Is  along 
the  channel.  Figure  4.3.9c  shows  the  potential  as  a  function  of  the 
distance  along  a  line  between  the  source  and  the  saddle  region  for  the 
two  drain-source  biases  Illustrated.  This  figure  Illustrates  the 
lowering  of  the  potential  barrier  caused  by  the  onset  of  punch  through. 
The  threshold  voltage  of  complicated  device  structures  can  also  be 
determined  by  finding  the  gate  potential  which  causes  the  formation 
of  a  conducting  channel.  The  current  versus  voltage  characteristics  In 
the  subthreshold  region  may  be  obtained  by  using  two  dimensional  simula¬ 
tions  along  with  some  assumptions  concerning  the  form  of  the  channel 
charge  distributions  [4.14], 

Another  application  of  the  calculation  of  the  electrostatic 
potential  Is  In  the  determination  of  capacitance  In  highly  two  dimensional 
devices.  The  capacitance  may  be  determined  by  calculating  the  change  In 
the  charge  Induced  on  an  electrode  for  a  small  change  In  the  electrode 
potential.  The  Induced  electrode  charge  Is  calculated  by  Integrating 
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the  normal  component  of  the  electric  field  along  the  electrode.  The 
electric  field  Is  obtained  from  the  electrostatic  potential  distri¬ 
bution  provided  by  a  two  dimensional  simulation.  Figure  4.3.10 
shows  the  cross  sections  of  the  two  short  channel  MOS  transistors 
fabricated  using  metal  gate  technology.  The  devices  differ  only  In 
the  oxidation  conditions  used  during  the  growth  of  the  gate  oxide. 

The  figures  show  the  equlpotentlal  lines  within  the  device.  In 

Figure  4.3.10a  the  oxidation  conditions  are  such  that  the  oxide  growth 
rate  Is  nearly  the  same  over  the  lightly  doped  channel  region  and 
the  heavily  doped  source  and  drain  regions.  The  gate-source  and  gate- 
drain  overlap  capacitances  are  substantial  and  may  be  calculated 
easily  and  accurately  from  knowledge  of  the  final  device  structure. 

In  Figure  4.3.10b  the  oxidation  conditions  have  been  modified  to  enhance 
the  oxide  growth  rate  over  the  heavily  doped  source  and  drain  regions. 

This  results  In  a  significant  reduction  In  the  overlap  capacitances. 
However,  the  two  dimensional  nature  of  the  device  now  necessitates  the 
use  of  two  dimensional  simulation  to  calculate  these  capacitances. 

4.3.4  Required  Device  Structure  Characteristics 

The  solution  if  the  electrostatic  Poisson  equation  for  general 
device  structures  Imposes  certain  requirements  on  any  computer  program 
which  performs  the  solutions.  The  program  must  allow  for  the  specifica¬ 
tion  of  parameters  which  describe  the  physical  characteristics  of  these 
device  structures.  This  specification  should  be  done  In  a  manner  which 
Is  consistent  with  standard  terminology  used  In  describing  the  structure 
and  physics  of  devices.  Of  course,  some  terminology  conventions  may  be 
necessarily  Imposed  by  the  Implementation  of  a  computer  program  to  perform 


the  simulations.  The  remainder  of  this  section  describes  the  physical 
device  characteristics  which  should  be  considered  when  simulating  general 
device  structures. 

In  order  to  simulate  a  two  dimensional  cross  section  of  a  device 
It  mist  be  assumed  that  the  device  structure  Is  Invariant  In  the  orthogonal 
third  dimension.  The  coordinates  X  and  Y  will  be  used  to  represent  the 
two  dimensional  cross  section  of  the  device.  The  coordinate  Z  will  represent 
the  orthogonal  third  dimension.  We  will  assume  that  the  X  coordinate 
lies  parallel  to  the  surface  of  the  material  In  which  the  device  Is  fabri¬ 
cated.  For  a  device  with  a  nonuniform  surface,  the  X  coordinate  would 
typically  lie  parallel  to  the  surface  of  the  starting  material.  The  Y 
coordinate  Is  taken  orthogonal  to  X  and  oriented  such  that  Y  Increases 
from  the  outer  device  surface  Into  the  substrate.  The  X  and  Y  coordinates 
generally  represent  two  coordinates  In  a  rectangular  coordinate  system. 
However,  It  Is  sometimes  desirable  to  let  X  and  Y  represent  the  radial 
and  axial  coordinates,  respectively.  In  a  circular  cylindrical  coordinate 
system.  In  this  situation  the  device  Is  Invariant  In  the  angular  coordi¬ 
nate  which  Is  represented  by  Z.  The  relations  between  the  coordinate 
axes  and  typical  device  structures  for  both  rectangular  and  circular 
cylindrical  coordinates  are  shown  In  Figure  4.3.11. 

MIS  devices  are  fabricated  In  a  semiconductor  material  which 
Is  covered  by  Insulators  and  high  conductivity  electrodes.  The  semi¬ 
conductor  usually  extends  In  the  Y  direction  for  a  distance  which  Is 
large  compared  to  the  vertical  extent  of  the  active  device  region. 

However,  some  devices  are  fabricated  In  a  relatively  thin  piece  of 
semiconductor  which  Is  supported  by  an  underlying  Insulating  substrate. 
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One  example  of  this  situation  Is  the  SOS  technology  In  which  a  thin 
silicon  layer  Is  grown  on  an  Insulating  sapphire  substrate.  Simulations 
of  devices  must  account  for  the  fact  that  the  dielectric  permittivities 
of  the  semiconductor,  the  top  Insulator  and  the  supporting  Insulator  may 
all  have  different  values.  There  should  also  be  allowance  for  the 
presence  of  fixed  charge  associated  with  the  Interfaces  between  the 
semiconductor  and  the  Insulator  regions. 

The  active  device  region  of  most  MIS  devices  consists  of  a 
semiconductor  with  a  highly  nonuniform  impurity  distribution.  One 
technique  used  to  Introduce  Impurities  Is  through  Ion  Implantation.  The 
resulting  Impurity  profile  Is  characterized  by  the  location  and  concen¬ 
tration  associated  with  the  peak  of  the  profile  and  by  parameters  which 
describe  the  profile  variation  with  distance.  A  second  technique  for 
Introducing  Impurities  Is  through  thermal  diffusion  from  an  Impurity 
source  In  contact  with  the  surface  of  the  semiconductor.  For  a  diffusion 
which  forms  a  metallurgical  junction  the  Impurity  profile  Is  often 
characterized  by  the  Impurity  concentration  at  the  semiconductor  surface 
and  the  location  of  the  junction.  The  use  of  Ion  implantation  or  thermal 
diffusion  may  result  In  two  dimensional  impurity  profiles.  A  third 
technique  for  Introducing  Impurities  which  results  in  a  one  dimensional 
Impurity  profile  Is  the  use  of  epitaxial  deposition.  The  Impurity  profile 
must  be  specified  through  the  variation  of  Impurity  concentration  with 
vertical  distance  Into  the  substrate.  The  specification  of  the  semicon¬ 
ductor  Impurity  distribution  should  be  done  In  terms  of  parameters  which 
are  conveniently  available  to  the  device  designer. 
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Many  HIS  devices  which  show  two  dimensional  characteristics 
have  nonplanar  physical  boundaries.  One  Important  Instance  of  such  a 
boundary  Is  the  Interface  between  the  semiconductor  and  the  top  Insu¬ 
lating  regfdn.  A  second  Instance  ts  the  upper  surface  of  the  top 
Insulating  region.  These  boundaries  can  become  nonplanar  due  to  such 
effects  as  local  oxidation  and  local  etching.  Requiring  that  the  Y 
locations  of  these  boundaries  be  single  valued  functions  of  X  Is  not 
overly  restrictive.  Such  a  restriction  greatly  simplifies  the  numerical 
simulation  of  the  device.  It  Is  also  reasonable  to  restrict  the  bounda¬ 
ries  at  the  left  and  right  sides  to  be  planar. 

The  solution  of  the  electrostatic  Poisson  equation  within  a 
region  of  a  device  requires  that  some  conditions  be  Imposed  on  the  poten¬ 
tial  at  the  boundaries  of  the  region  being  considered.  The  boundary 
conditions  along  the  sides  of  the  region  depend  on  the  type  of  device 
which  Is  being  simulated.  There  often  occur  vertical  symmetry  lines  at 
the  center  of  a  device  or  between  Identical  sections  of  a  repeated 
device  structure.  The  use  of  a  symmetry  line  as  one  side  of  the  solution 
region  requires  that  reflection  symmetry  be  used  as  the  boundary  condition 
on  the  potential  at  the  appropriate  side.  For  a  region  where  a  device 
approaches  the  limit  of  a  one  dimensional  device  the  appropriate  boundary 
condition  Is  a  one  dimensional  solution  to  Poisson's  equation.  The  use 
of  this  type  of  boundary  condition  along  a  side  of  the  solution  region 
requires  that  the  one  dimensional  solution  be  performed  In  the  Y  direction. 
The  simulation  of  cyllndrlcally  symmetric  devices  requires  that  a  circular 
cylindrical  coordinate  system  be  used  with  an  appropriately  modified 
Poisson  equation.  Boundary  conditions  along  the  sides  of  the  solution 


region  could  utilize  one  dimensional  solutions  or  reflection  symmetry. 

The  boundary  conditions  on  the  top  surface  of  the  device  are 
dependent  on  the  type  of  electrode  structure  covering  the  surface.  The 
simulation  of  general  MIS  devices  requires  that  this  electrode  structure 
be  arbitrary.  The  potential  Is  determined  at  any  point  on  the  surface 
where  an  electrode  Is  present.  At  points  on  the  surface  where  no  electrode 
Is  present,  the  boundary  condition  consists  of  the  specification  of  the 
normal  gradient  of  the  potential.  The  value  of  the  normal  gradient  Is 
proportional  to  the  density  of  charge  on  the  surface. 

The  boundary  condition  on  the  bottom  surface  of  the  solution 
region  depends  on  whether  an  Insulating  substrate  Is  supporting  the 
semiconductor  which  contains  the  active  device.  If  there  Is  a  suportlng 
Insulator,  then  there  Is  typically  a  single  electrode  along  the  bottom 
surface  of  this  Insulator.  The  potential  of  this  electrode  establishes 
the  potential  which  Is  used  as  the  boundary  condition  at  every  point 
along  the  electrode.  If  there  Is  no  supporting  Insulator,  then  the 
semiconductor  typically  extends  much  further  In  the  Y  direction  than  the 
extent  of  the  active  device  region.  At  some  point  below  the  active  device 
region  the  potential  usually  begins  to  exhibit  one  dimensional  characteris¬ 
tics.  The  bottom  of  the  solution  region  may  be  taken  at  this  point  If 
the  boundary  condition  along  this  line  Is  taken  to  be  a  one  dimensional 
solution  to  Poisson's  equation.  The  one  dimensional  solution  In  this  case 
Is  performed  In  the  X  direction. 

In  many  devices  the  active  region  contains  mobile  charge  which 
roust  be  properly  determined.  The  most  accurate  method  of  treating  this 
charge  Is  to  represent  the  charge  as  a  nonlinear  function  of  the  electro¬ 
static  potential  and  the  quasi-Fermi  potential.  If  both  minority  and 
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majority  carriers  are  handled  In  this  manner,  then  the  locations  of  the 
depletion  edges  within  the  device  do  not  need  to  be  treated  as  separate 
boundaries.  They  are  automatically  Included  due  to  the  nonlinear  relation 
between  charge  and  potential.  The  functional  dependence  of  the  mobile 
charge  on  the  potential  should  properly  account  for  degeneracy  effects 
as  the  quasi-Fermi  potentials  approach  the  appropriate  energy  band  edge 
potentials.  This  may  be  handled  by  using  the  Fermi-DIrac  Integral  of 
one  hal f  order  which  reduces  to  the  standard  exponential  function  in  non¬ 
degenerate  situations. 

The  desire  to  simulate  devices  with  reverse  biased  p-n  junctions 
requires  that  it  be  possible  to  specify  the  electron  and  hole  quasi-Fermi 
potentials  at  each  point  within  the  substrate.  The  bias  applied  to  a 
given  region  may  be  specified  through  the  majority  carrier  quasi-Fermi 
potential  for  the  region.  Since  an  electrostatic  situation  is  assumed 
during  the  solution,  a  quasi-Fermi  potential  must  necessarily  be  constant 
wherever  the  mobile  charge  associated  with  that  potential  is  a  significant 
portion  of  the  total  charge.  However,  a  quasi-Fermi  potential  may  have 
any  behavior  In  regions  where  the  associated  mobile  charge  Is  negligible. 

4.3.5  Discretization  of  Poisson's  Equation 

The  electrostatic  Poisson  equation  which  must  be  solved  when 
analyzing  the  characteristics  of  two  dimensional  MIS  device  structures 
is  a  second  order  nonlinear  elliptic  partial  differential  equation  In 
two  space  variables.  Several  approaches  exist  for  obtaining  solutions 
to  such  equations.  These  include  the  use  of  Green's  functions,  Fourier 
series,  conformal  transformations  and  discrete  numerical  techniques. 

Only  the  last  of  these  is  applicable  to  the  nonlinear  equation  within  an 
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arbitrary  device  boundary. 

The  general  discrete  numerical  approach  Involves  the  approxima¬ 
tion  of  the  continuous  electrostatic  potential  by  the  potential  values 
at  a  discrete  grid  of  points  located  within  the  device  boundary.  At 
each  grid  point  a  discrete  approximation  to  the  continuous  Poisson  equa¬ 
tion  is  used  to  relate  the  potential  value  at  this  point  to  the  values 
at  neighboring  points.  The  result  is  a  system  of  nonlinear  equations 
which  must  be  solved  to  obtain  tne  potential  values  at  the  grid  points. 

Several  types  of  grid  structures  have  been  used  extensively  for 
the  numerical  solution  of  partial  differential  equations.  The  most  com¬ 
mon  is  a  rectangular  grid  which  in  its  most  general  form  may  have  non- 
uniform  spacing  between  the  points  in  both  space  directions.  The  non- 
uniform  grid  spacing  is  necessary  to  provide  the  flexibility  required 
for  accurate  and  efficient  representation  of  device  features  having 
various  sizes.  Its  major  disadvantage  is  that  the  use  of  a  large  number 
of  grid  points  to  represent  a  localized  feature  may  introduce  an  unneces¬ 
sary  increase  in  the  number  of  grid  points  elsewhere  in  the  device. 

This  phenomena  is  illustrated  in  Figure  4.3.12  which  shows  the  cross 
section  of  a  MIS  transistor.  A  large  grid  point  density  is  desired  near 
the  source  and  drain  junctions.  However,  the  horizontal  grid  density  is 

also  increased  in  the  substrate  where  the  additional  accuracy  is  not 

« 

necessary.  Other  grid  schemes  which  do  not  suffer  from  this  disadvantage 
have  attracted  increasing  interest.  Thes  include  nonrectangular  ortho¬ 
gonal  grids  and  general  finite  element  grids.  Their  main  disadvantage 
arises  form  the  increased  complexity  introduced  by  the  arbitray  location 
of  the  grid  points.  For  this  work  the  nonuniform  rectangular  grid  was 
chosen  because  it  provides  good  flexibility  and  accuracy  while  requiring 
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only  minimal  organizational  complexity, 


The  discrete  approximation  to  Poisson's  equation  may  relate  the 
potential  values  at  various  numbers  of  adjacent  grid  points.  As  this 
number  Increases,  there  Is  a  corresponding  Increase  in  the  complexity 
of  the  nonlinear  system  of  equations  which  results  from  the  discretization. 
For  a  rectangular  grid  the  simplest  discretization  scheme  uses  five 
points  consisting  of  a  center  point  and  the  four  nearest  neighbor  points. 
This  is  generally  referred  to  as  a  five  point  finite  difference  scheme 
on  a  rectangular  grid,  as  described  below. 

The  finite  difference  approximation  at  each  point  Is  derived 
by  Integrating  Poisson's  equation  over  the  rectangular  region  bounded 
by  the  perpendicular  bisections  of  the  lines  joining  the  point  to  Its 
four  nearest  neighbor  points.  Figure  4.3.13  shows  the  five  grid  points 
involved  In  the  discretization.  Each  grid  point  is  identified  by  a  pair 
of  indices  representing  its  location  in  the  X  and  Y  directions.  The  line 
segments  comprising  the  boundary  of  the  rectangular  region  are  designa¬ 
ted  as  Cj .  This  figure  also  shows  the  triangular  areas  Sj  associated 
with  the  line  segments  and  the  potential  values  associated  with  the 
five  grid  points.  The  continuous  form  of  Poisson's  equation  Is 

V.  [KVV]  *  -Q(V)  Q(V)  =  q[N+p(V)  -  n(V)] 

P(V)  ■  F^lqtyVl/kT)  (,.3.33) 

n(V)  ■  Fli(q(V-+n)/kT) 

Integrating  this  equation  over  the  rectangular  region  S  bounded  by  C  gives 

//  ?  -[K  *  V3  dA  »  -//  Q(V)  dA  (4.3.34) 

s  s 
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The  application  of  Green's  theorem  allows  the  integral  on  the  left  to 
be  converted  from  a  surface  Integral  to  a  line  integral  along  the  boundary 
of  the  rectangle. 


#  Ktv  •  n  41  -  -  //  Q(V)  dA 
c  s 

4*4  (4.3.35) 

Z  /  K[VV  •  n]  dt  -  -  Z  //  Q(V)  dA 

m«l  c_  m*l  s_ 

m  v  m 

This  last  equation  must  now  be  approximated  In  terms  of  the  potential 
values  at  the  five  grid  points.  The  most  reasonable  and  simple  approxi¬ 
mations  for  the  partial  derivatives  are 


tfV.  • 

ffl 


(4.3.36) 


We  assume  that  these  terms  are  constant  over  the  Integration  paths.  A 
simple  approximation  for  the  surface  Integral  In  (4.3.35)  is  to  assume 
that  Q ( V )  within  the  rectangle  has  a  constant  value  determined  by  the 
Impurity  concentration  and  potential  at  the  center  point.  Using  these 
assumptions,  (4.3.35)  can  be  reduced  to 


C  Z  L  [W-nJ 
5  m*l  0  * 


-  Q(v  >  I  A, 
m»l 
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(4.3.37) 


Here  A^^  represents  the  area  in  Si  over  which  Q(V)  Is  nonzero.  This 
becomes  Important  when  nonzero  charge  only  occurs  In  a  portion  of  the 
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rectangular  region.  Such  a  situation  arises  when  the  Interface  between 
the  semiconductor  and  the  Insulator  passes  through  the  center  grid  point. 

Fora  grid  point  within  the  semiconductor  the  discrete  approxl mo¬ 
tion  to  Poisson's  equation  becomes 


4  [h,+  hj  [h2  +  h.] 

mSl  \m  --V- - “*L1L2 


hV 


l2V 


h2  +  h4 


h1  +h3 


(4.3.38) 
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•  Q(V0)  (4.3.39) 


Figure  4.3.14  shows  a  situation  where  the  Interface  between  the 
semiconductor  and  the  Insulator  passes  through  the  grid  point  at  which 
the  discretization  Is  being  performed.  For  this  case  the  discrete  approxi¬ 
mation  to  Poisson's  equation  becomes 


}  .  .  h2*h1  *  h3} 

l-i  Ni  4 


Ll"L3 


h2  *  h4  Kl'h 


h1  *  h5 


(4.3.40) 
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2(K$  ♦  h4  Kj/h2) 


2K 


2(KS+  h4  Kj/h2) 


7  *3T-  CVo  "  V1 }  +  ^  CVo  *  V2]  +  '  h3TTi1'Vhjr"CVo’V3^ 

♦  5j  [»•  •  V  *  «{Vo> 


By  using  the  form  for  the  discretized  equation  given  1n(4.3.37) 
other  situations  such  as  nonuni  form  Interfaces  can  easily  be  treated. 


4.3.6  Numerical  Techniques  and  Iterative  Solution  Algorithm 

The  discretization  of  Poisson’s  equation  using  a  rectangular 
grid  of  points  generates  a  system  of  non* Inear  equations  which  relate 
the  values  of  potential  at  neighboring  grid  points.  This  system  must 
be  solved  to  obtain  the  grid  potentials  which  approximate  the  solution 
to  the  continuous  problem.  Figure  4.3.15  Illustrates  the  outside  boundary 
of  a  simple  device  structure  having  a  nonuniform  surface.  The  discretiza¬ 
tion  grid  Is  shown  as  well  as  the  X  and  Y  Indices  used  to  label  each 
grid  point.  The  Y  Index  of  the  top  point  within  the  device  boundary  along 
the  vertical  line  at  X  Index  Is  denoted  by  Js(1).  Identification  of  the 
grid  potentials  by  the  appropriate  grid  Indices  yields  a  system  of 
equations  of  the  form 


C^IJ)  V(1,j)  +  C2(1J)  V(1-l,j)  +  C3(1J)  V(1+l,j} 

♦  C4(1,J)  V(1,M)  +  C5(1,j)  VOJ+1)  -  Q(V(1-,j)h 

1-1,  ...,NX;  j-Js(1 ),..., Ny  (4.3.41) 

The  coefficients  multiplying  the  grid  potentials  are  obtained  by  applying 
(4.3.37)  for  the  various  grid  points  within  the  device. 
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In  order  to  efficiently  solve  (4,3.41)  for  the  grid  potentials 
the  grid  points  within  the  device  boundary  should  be  assigned  some  sequen¬ 
tial  order.  A  vector  Y  may  then  be  constructed  by  placing  the  grid 
potentials  In  V  according  to  the  order  of  the  associated  grid  points.  A 
vector  Q  may  also  be  constructed  by  placing  the  grid  charge  densities 
from  (4.3.41)  In  Q  In  the  same  order  as  the  elements  of  V.  Although  the 
orderings  of  V  and  Q  do  not  need  to  be  Identical,  such  a  convention  Is 
standard  and  will  be  used  In  this  work.  A  sparse  coefficient  matrix  C 
may  be  constructed  from  the  coefficients  defined  by  (4.3.41).  The  solu¬ 
tion  of  (4.3.41)  can  now  be  obtained  by  solving  a  nonlinear  matrix  equation 
of  the  form 

CV  -  Q(V)  (4.3.42) 

The  structure  of  C  depends  upon  the  ordering  of  the  elements  within  V 
and  Q.  Proper  choice  of  the  matrix  structure  can  greatly  facilitate  the 
solution  of  the  matrix  equation. 

There  are  two  reasonable  choices  for  the  grid  point  order  which 
generate  appropriate  structures  for  the  matrix  C.  The  first  of  these 
takes  consecutive  grid  points  along  successive  horizontal  lines  of  grid 
points.  The  second  takes  consecutive  grid  points  along  successive 
vertical  lines  of  grid  points.  In  this  work,  the  simulation  of  devices 
with  nonuni fbrm  surfaces  dictates  that  the  second  method  of  ordering 
the  points  by  vertical  lines  be  used  for  maximum  efficiency.  This 
ordering  Is  Illustrated  In  Figure  4.3.16  for  the  device  shown  In 
Figure  4.3.15.  Figure  4.3.16  also  shows  the  structure  of  the  coefficient 
matrix  C  for  this  case.  Matrix  C  can  easily  be  partitioned  so  that  It 
Is  block  trldlagonal.  This  Is  accomplished  by  treating  each  vertical  line 


287 


of  grid  points  as  a  unit.  The  vector  V  Is  divided  Into  Individual  vectors 
corresponding  to  these  units.  The  diagonal  blocks  of  C  are  trldlagonal 
matrices  with  orders  equal  to  the  number  of  points  In  the  corresponding 
vertical  line  of  grid  points.  The  off-diagonal  blocks  of  C  have  at  most 
one  nonzero  element  In  each  row.  The  block  trldlagonal  structure  Is 
convenient  In  the  Implementation  of  relaxation  solution  techniques  dis¬ 
cussed  later. 

A  system  of  nonlinear  equations  requires  the  use  of  an  Iterative 
technique  to  obtain  a  consistent  solution.  One  standard  and  reliable 
approach  Is  the  use  of  the  matrix  equivalent  of  the  Newton-Raphson  tech¬ 
nique.  This  scheme  Is  formulated  by  linearizing  the  matrix  equation  about 
the  current  approximation  to  the  solution  to  obtain 

CVn+1  s  q(Vn)  +  J(Vn)  (Vn+1-  Vn)  ;  Jp  q(Vn)  -  ^ 

[C  -  J(Vn)]  Vn+1  -  Q(Vn)  -  j(Vn)  Vn  (4.3.43) 

C'Vn+1  -  Q'(Vn) 

The  superscripts  on  V  denote  the  Newiort-Raphson  Iteration  numbers.  At 
each  Iteration  we  evaluate  Q  and  J  based  on  the  most  recent  approximation 
to  V.  The  linear  matrix  equation  In  (4.3.43)  must  then  be  solved  to 
obtain  the  next  approximation  to  V. 

The  discretization  of  Poisson's  equation  which  we  have  used 
places  only  one  nonzero  element  In  each  row  of  the  matrix  J.  In  addition, 
since  V  and  Q  have  Identical  ordering  of  their  elements,  J  Is  a  diagonal 
matrix.  Thus,  the  matrix  C'  differs  from  C  only  In  Its  diagonal  elements. 
The  properties  of  the  matrix  C1  allow  several  techniques  to  be  applied 
to  the  solution  of  (4.3.43). 


By  proper  scaling  of  the  Individual  equations  comprising  (4,3,43) 
the  matrix  C'  can  be  made  symmetric,  Since  C1  Is  also  a  very  sparse 
matrix,  an  algorithm  for  solving  sparse  symmetric  matrix  equations  could 
be  applied  to  (4,3.43).  The  number  of  storage  locations  required  for  such 
a  solution  Is  on  the  order  of  Nx*Ny*Ny.  The  solution  algorithm  requires 
that  the  stored  data  be  accessed  In  a  relatively  random  manner.  It  Is 
often  necessary  to  allow  Nx  and  Ny  to  be  as  large  as  100  for  a  relatively 
complicated  device.  For  a  device  requiring  a  large  number  of  grid  points 
this  solution  technique  Is  not  consistent  with  Implementation  on  a  mini¬ 
computer  having  limited  available  memory.  Other  direct  solution  algo¬ 
rithms  exist  which  also  require  large  amounts  of  randomly  accessible 
information. 

The  structures  of  V  and  C‘  are  well  suited  to  the  use  of  an 
Iterative  relaxation  technique  for  solving  (4.3.43).  The  number  of 
storage  locations  required  Is  on  the  order  of  Nx*Ny  because  It  Is  only 
necessary  to  store  V,Q'  and  the  nonzero  elements  of  C'.  The  solution 
algorithm  allows  the  stored  data  to  be  accessed  In  a  serial  manner. 

This  solution  technique  Is  consistent  with  Implementation  on  a  mini¬ 
computer  where  limited  available  memory  requires  most  of  the  storage  to 
be  provided  by  a  mass  storage  device.  During  each  relaxation  Iteration 
the  required  mass  storage  accesses  are  limited  to  those  necessary  to 
perform  one  complete  read  and  one  compl etc  write  of  the  entire  data  set. 

The  relaxation  techniques  which  are  commonly  used  Include 
successive  overrelaxatlon  (SOR)  and  successive  line  overrelaxatlon  (SLOR) 
[4.15  ].  The  SLOR  algorithm  typically  exhibits  convergence  characteris¬ 
tics  which  are  superior  to  those  of  the  SOR  algorithm.  However,  both 
techniques  provide  only  first  order  error  reduction  versus  Iteration 
count.  During  each  Iteration  the  SOR  algorithm  separately  Improves 
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each  element  of  the  solution  vector,  In  contrast ,  the  SLOR  algorithm 
groups  the  elements  of  the  solution  vector  Into  blocks  and  separately 
Improves  each  block  as  a  unit.  In  this  work  the  SLOR  algorithm  has 
been  chosen  for  Its  Improved  convergence  properties  and  Its  applica¬ 
bility  to  a  system  such  as  (4.3.43)  having  a  block  trldlagonal  coeffi¬ 
cient  matrix. 

The  partitioning  of  C'  which  results  In  Its  block  trldlagonal 
structure  may  be  used  to  reformulate  (4.3.43)  as  the  following  simultaneous 
matrix  equations. 

C(1,1-l)  V(1-l)  +  C'(1,l)  V(1)  +  0*0, 1+1)  V(1+l) 

-  Q'CDi  1-1 . Wx  (4.3.44) 

The  unknown  vectors  V(1)  In  (4.3.44)  represent  the  components 
of  Vn+1  resulting  from  the  partitioning  of  C'.  The  matrices  C'(1,j) 
represent  the  blocks  Into  which  C*  Is  partitioned.  The  application  of 
one  iteration  of  the  SLOR  algo-ithm  to  (4.3.44)  Is  accomplished  as  follows 

v*(D  -  [c'd.or1  [Q'(1)  -  C'0,1-1)  Vm+1  (1-1 ) 

-  C’ (1,1+1 )  Al+U  (4.3.45) 

V®+1(1)  »  V^l)  +u)[V*(i)  -  V*(1)]i  1  -1 . Nx 

The  subscripts  m  and  m+1  are  the  SLOR  Iteration  numbers.  The  relaxation 
factor  Is  denoted  byu  and  must  lie  between  0  and  2.  Values  of  u>  less 
than  unity  correspond  to  underrelaxation  while  values  greater  than  unity 
correspond  to  overrelaxation.  It  has  been  found  In  our  work  that  relaxa¬ 
tion  factors  In  the  range  of  1.4  to  1.7  typically  yield  satisfactory 
convergence  rates.  Each  relaxation  Iteration  modifies  the  V(1)  In  the 
order  of  Increasing  X  Index.  At  each  step  the  most  recent  approximations 
to  V(1-l)  and  V(1+1)  are  used.  It  Is  possible  to  alternate  the  order 


In  which  the  X  Indices  are  taken  and  thereby  Improve  the  convergence 
of  the  Iteration.  However,  such  a  scheme  ts  Inconsistent  with  the  use 
of  a  serially  accessible  mass  storage  device  which  must  be  utilized 
when  the  algorithm  Is  Implemented  on  a  minicomputer. 

The  maximum  number  of  SLOR  Iterations  which  are  required  at 
each  Newton-Raphson  Iteration  step  depends  upon  the  degree  of  conver- 
gence  which  Is  desired  In  the  solution  of  (4.3.44).  Although  the  Newton- 
Raphson  Iteration  should  provide  second  order  reduction,  only  first 
order  global  error  reduction  Is  achieved  because  of  the  use  of  the  SLOR 
Iteration  to  solve  (4.3.44).  As  the  number  of  SLOR  Iterations  performed 
during  each  Newton-Raphson  Iteration  Is  reduced  the  effects  of  the 
nonl Inearl ties  In  (4.3.42)  have  a  larger  effect  on  the  convergence  rate. 
The  limiting  case  Is  the  use  of  a  single  SLOR  Iteration  for  each  Newton- 
Raphson  Iteration  step.  This  Is  the  approach  which  has  been  used  In  our 
work.  It  has  the  advantage  of  reducing  the  storage  requirements  since 
It  Is  no  longer  necessary  to  precalculate  and  store  Q1  and  the  diagonal 
elements  of  C'. 

The  number  of  Newton-Raphson  Iterations  which  are  necessary  to 
achieve  convergence  depends  on  several  factors.  As  the  number  of  SLOR 
Iterations  per  Newton-Raphson  Iteration  decreases  the  total  number  of 
required  Newton-Rapohson  Iterations  Increases.  This  Is  a  result  of  the 
dominance  of  the  error  reduction  characteristics  by  the  SLOR  Iterations. 
In  order  to  stop  the  Newton-Raphson  Iterations  a  convergence  criteria 
Is  necessary.  A  standard  method  Is  to  require  that  the  percentage  change 
In  potential  fall  below  some  upper  bound.  The  Imposition  of  such  a 
restriction  at  every  grid  point  within  the  device  boundary  Is  far  too 
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severe.  The  potential  In  the  region  of  most  concern  to  the  device 
designer  usually  converges  long  before  the  convergence  criteria  Is 
satisfied  In  the  remainder  of  the  device.  Thus,  a  more  reasonable 
approach  Is  to  choose  only  a  small  set  of  grid  points  where  the  conver¬ 
gence  Is  monitored.  For  example,  this  set  of  points  might  be  taken  along 
the  signal  channel  In  a  charge  coupled  device  or  along  the  metallurgical 
junction  In  a  reverse  biased  p-n  junction.  We  have  found  that  such  an 
approach  works  quite  satisfactorily. 

4.3.7  Conclusion 

This  section  has  described  factors  which  must  be  considered 
when  developing  computer  programs  to  solve  Poisson's  equation  In  MIS 
devices  for  VLSI  applications.  In  particular,  the  treatment  of  two 
dimensional  Impurity  distributions  and  highly  nonuniform  device  bounda¬ 
ries  Is  valuable  In  this  context.  It  Is  Important  to  provide  a  unified 
analysis  capability  ranging  from  process  modeling  to  device  characteri¬ 
zation.  To  accomplish  this  goal  the  output  from  SUPREM  can  be  used  as 
Input  to  a  computer  program  which  solves  Poisson's  equation.  The  SUPREM 
outputs  determine  the  Impurity  distributions  along  key  lines  through 
the  device  substrate.  The  Impurity  distribution  In  the  entire  substrate 
Is  then  calculated  by  using  appropriate  transformations. 

Several  applications  for  solutions  to  Poisson's  equation  have 
been  mentioned.  Those  which  are  the  most  Important  to  VLSI  technology 
Include  the  following, 

1)  Threshold  voltage  calculation 

2)  Investigation  of  the  onset  of  punch  through 

3)  Calculation  of  device  characteristics  near  and  below  threshold 

4)  Calculation  of  device  capacitances. 
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Figure  4.3.9a 
4.3.9b 


Equlpotentlal  contours  before  the  onset  of  punch  through. 

The  approximate  location  of  the  developing  bulk  channel  Is  shown. 
Equlpotentlal  contours  after  the  onset  of  punch  through.  The 
location  of  the  bulk  channel  Is  shown. 


4.3.9c  Potential  along  the  bulk  channel  between  the  source  and 
drain  for  the  situations  Illustrated  In  a  and  b. 
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Figure  4.3.10  Equlpotentlal  contours  for  a  MOSFET  with  two  different  oxide 
thicknesses  over  the  source  and  drain  regions.  The  gate 
electrode  capacitances  are  Indicated  for  each  case. 

(a)  thin  oxide 

(b)  thick  oxide 
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Figure  4.3.11a  Coordinate  axis  orientations  for  a  rectangular  coordinate 
system . 

4.3.11b  Coordinate  axis  orientations  for  a  circular  cylindrical 
coordinate  system. 
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Figure  4.3.13  The  five  grid  points  and  the  associated  terminology  Involved  In  the  discretization 
of  Poisson's  equation  at  a  general  grid  point. 


Figure  4.3.14  The  five  grid  points  and  the  associated  terminology  Involved  In  the 
discretization  of  Poisson's  equation  at  a  grid  point  lying  along  the 
Insulator  -  semiconductor  Interface. 


Cl ,31  (2,3)  (3,3) 

Figure  4.3.15  Grid  Index  labels  for  a  simple  device  structure. 


Figure  4.3.16  Grid  point  ordering  and  matrix  partitioning  fbr  the  grid  In  Figure  4.3.15.  The 
structure  of  the  discretization  coefficient  matrix  C  Is  shown. 
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A  SIMPLIFIED  TWO  DIMENSIONAL  NUMERICAL  ANALYSIS  OF  MOS 
DEVICE  -  DC  CASE 


Soo  Young  Oh 

4.4.1  Introduction 

In  order  to  analyze  the  transient  phenomena  like  the  charge 
pumping  In  MOS  devices,  two  dimensional  transient  analysis  Is  essen¬ 
tial,  since  the  transient  in  MOS  devices  is  basically  two  dimensional. 

Two  dimensional  MOS  device  problems  In  steady  state  have  been  analyzed  by 

the  finite  difference  method  [4.  IS  ]  [4.17  ]  or  finite  element  method 
[4.  18  ],  [4.  19  ]  as  reported  last  year.  However  the  transient  analy¬ 
sis  with  no  dielectric  relaxation  time  limitation  [4.  22  ]  can  be  done 
only  by  the  simultaneous  solution  of  frisson's  equation  and  the  hole  and 
electron  continuity  equation.  The  simultaneous  solution  method  Increases 
the  number  of  variables  three  times  more  than  that  of  the  steady  state 
solution  by  the  iteration  method.  Hence  it  increases  the  CPU  time  and 
memory  allocation  tremendously.  For  example,  400-1000  node  points  are 
necessary  to  solve  a  typical  two  dimensional  transient  HOS  problem  by 
the  finite  element  program,  SEDAN,  which  has  been  developed  by  Stanford 
University  and  uses  the  simultaneous  solution  method.  Due  to  the  large 
analysis  grid  and  the  required  simultaneous  solution  method,  excessive 
CPU  time  and  memory  allocations  result.  Typically,  800.k  -  2  mega  byte 
memory  and  the  CPU  time  for  one  bias  point  is  of  the  order  of  1-2  minutes 
by  SEDAN  using  an  IBM  370-168. 

Due  to  the  CPU  time  and  memory  requirements,  two  dimensional 
analysis  using  the  finite  difference  and  finite  element  method  Is  of 
marginal  engineering  utility  for  DC  analysis  and  totally  Impractical 
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for  transient  analysis.  Some  simplifications  should  be  made  to  reduce 
the  CPU  time  and  memory  allocations  for  the  transient  analysis.  When 
the  topology  and  transport  effect  for  MOS  devices  are  Investigated  care¬ 
fully,  the  finite  difference  or  finite  element  method  mentioned  above 
are  found  to  overspecify  the  problem.  First,  current  flows  mainly  along 
the  channel  and  is  carried  by  the  majority  carriers  of  the  source  and 
drain.  Hence,  the  current  continuity  equation  can  be  solved  only  for 
the  majority  carriers.  Nonetheless  Poisson's  equation  needs  to  be  solved 
over  the  entire  region.  In  the  work  described  here,  Poisson's  equation 
In  MOS  devices  Is  reduced  to  the  Initial  solution  and  the  boundary  value 
problems  for  the  incremental  potentials  with  the  relevant  Incremental 
boundary  conditions.  In  addition,  the  carrier  transport  Is  solved 
along  the  channel  with  appropriate  field  coupling  to  the  boundary  condi¬ 
tions.  In  this  method,  nodes  are  allocated  only  along  the  boundary 
and  channel .  Therefore,  the  number  of  the  nodes  are  much  fewer  than 
the  finite  difference  and  finite  element  method.  This  new  method  Is 
an  order  of  magnitude  faster  than  the  result  quoted  above,  due  to  the 
substantial  reduction  in  nodes  allocated  for  analysis. 

In  Section  4.4.2  ,  the  basic  theory  of  the  new  method  will 
be  discussed.  In  Section  4.4.3,  its  practical  Implementation  will 
be  discussed.  In  Section  4.4.4,  very  short  channel  MOSFET  devices  are 
simulated  by  the  new  method  and  compared  with  the  simulation  by  CADDET. 
The  applications  and  prospects  of  the  new  method  will  be  discussed 
In  Section  4.4.5. 
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4.4.2  Semiconductor  Device  Equations  and  Their  Simplification  for 
MOS  Devices 

A.  Semiconductor  Device  Equations 

Semiconductor  devices  can  be  completely  described  by  Poisson's 
equation,  the  hole  continuity  equation  and  the  electron  continuity  equa- 
tlon  (4.28].  These  equations  are  as  follow: 

$  •  (efy)  -  -q(p-n  +  Nd)  (4.4.46) 


■|f  +  V*  (-£)  ■  -  R 


at 

an 


(4.4.47) 


at 


Jn 

♦  v-  <4> 


-  R 


(4.4.48) 


where 


* 

P.  n 

Nj 


J  ,  J 
n’  p 


potential  distribution 
hole  and  electron  density 
Ionized  net  doping  density 
net  electron-hole  pair  recombination  rate 
hole  and  electron  densities 
electron  charge 
time 

In  order  to  calculate  the  distributions  of  ty,  p  and  n,  these 
three  equations  should  be  solved  simultaneously  over  the  entire  region 
with  the  given  boundary  conditions.  However,  when  one  considers  MOS 
devices,  several  simplifications  can  be  made  without  significantly 
affecting  the  accuracy. 
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For  practical  reasons,  a  two  dimensional  device  geometry  will  be 
considered  so  that  uniformity  Is  assumed  In  the  third  (2)  direction. 

In  this  paper,  only  n-channel  MOS  devices  will  be  treated.  A  p-channel 

* 

MOS  device  can  be  simulated  with  an  appropriate  transformations. 

8.  Simplifications  for  MOS  devices  . 

Three  assumptions  allow  the  MOSFET  analysis  problem  to  be  reduced 
to  a  rather  simplified  form.  First,  it  Is  assumed  that  the  main  current 
flow  is  between  the  source  and  drain  and  Is  a  result  of  electron  current. 

Hole  current  is  negligible  in  most  cases  so  that  the  hole  continuity 
equation  can  be  omitted  and  the  hole  quasi  fermi  level  can  be  held 
constant  with  the  same  value  as  the  fermi  level  of  the  substrate  through¬ 
out  the  region. 

Second,  it  is  assumed  that  for  most  cases  the  electron  current  » 

flows  only  along  the  channel*  in  the  device  except  in  the  saturation 
and  punch- through  regions.  Hence,  there  is  no  reason  to  solve  the  » 

electron  continuity  equation  in  the  bulk  but  rather  it  can  be  solved 
only  in  one  dimension  along  the  channel. 

Third,  the  effect  of  the  mobile  carriers  in  the  depletion  region 
is  assumed  negligible  compared  to  the  fixed  ionized  doping.  The 
depletion  region  is  not  the  region  of  action,  however  the  depletion 
region  consumes  many  nodes  points  in  the  finite  difference  and  finite 


The  channel  or  current  path  can  be  at  the  surface  or  in  the  bulk  [4.29]. 
It  is  required  that  the  current  path  should  be  sufficiently  thin  so 
that  it  can  be  treated  as  one  dimensional  path. 
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element  methods  since  the  potential  changes  rapidly  In  this  region.  In 
order  to  overcome  this  wasteful  use  of  grid  in  computing  potential. 
Poisson's  equation  Is  reduced  to  a  boundary  value  problem  for  the 
incremental  potential.  Hence,  the  problem  Is  reduced  from  a  bulk 
solution  on  a  two-dimensional  grid  to  a  boundary  value  problem  to  be 
solved  on  a  one  dimensional  type  grid  located  on  the  boundary  only. 

Since  this  simplification  of  Poisson's  equation  is  the  key  means  to 
reduce  the  number  of  nodes  and  yields  a  more  efficient  solution,  the 
method  will  be  discussed  in  some  detail  in  the  next  section. 

C.  Simplification  of  the  Potential  Calculation 

For  studying  the  distribution  of  the  potential  and  charges  of  MOS 
devices  with  bias,  one  can  change  the  bias  voltage  by  a  small  increment 
AV  and  study  the  resulting  changes  of  the  potential  and  charges.  Figure 
4.4.17  shows  the  change  of  the  depletion  region  and  the  induced  charges  on 
the  gate  and  in  the  channel.  When  the  depletion  approximation  is  assumed, 
no  mobile  carriers  are  in  the  depletion  region  except  the  channel.  Hence 
the  incremental  charges  are  Induced  only  around  the  boundary  of  the  deple 
tion  region,  on  the  gate  and  in  the  channel.  These  incremental  charges 
are  the  only  sources  of  the  incremental  potential.  For  these  increments, 
the  problem  is  equivalent  to  a  boundary  value  problem  wfiose  boundary 
Includes  the  depletion  region  In  the  silicon  as  well  as  theoxide  region 
and  source  terms  are  the  induced  surface  charges  located  on  the  boundary 
and  in  the  channel . 
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The  above  concept  can  be  expressed  mathematically  as  follows.  The 
potential  In  one  point  Is  the  sum  of  the  potential  contributions  from 
the  charges  In  the  whole  space.  Hence,  potential  can  be  expressed  as 
follows: 

ip  (x)  ■  /p(x)  (^(x,  x')  d2x  (4.4.49) 

where 

S  a  the  whole  space 

Gjj(x,  x')  *  Green's  function  that  satisfies  the  following 
conditions  in  two  dimension.. 

GN(i.5>)  =  1  Iti-i') 

lim  Gn(x,x')  =  0 
|x-x'|  *  « 

If  the  Incremental  form  of  equation  (4.4.49)  is  taken, 

Aip(x)  -  /  Ap(x')  Gn(x,  x')  dV  (4.4.50) 

s 

If  Alp  is  small,  the  changes  of  the  depletion  regions  are  small  and 
the  incremental  charges  can  be  treated  as  a  sheet  of  surface  charge. 

Aip(x)  *  /  Ao(x')  Gn(x,  x')  Gn(x,  S')  d2x'  (4.4.51) 

where 

T  ■  the  depletion  boundary,  the  channel  and  gate 
Ao  ■  surface  changes  on  r 


Eq.  (4.4.51)  expresses  the  incremental  potentials  only  in  terms 
of  the  induced  incremental  surface  charges  at  the  channel  and  the 
boundary.  The  fixed  charges  in  the  bulk  do  not  contribute  to  the  incre¬ 
mental  potential.  Thus  the  allocation  of  the  nodes  inside  the  bulk  can 
be  eliminated.  In  this  way,  the  potential  problem  can  be  reduced  from 
a  bulk  solution  on  a  two  dimensional  grid  to  a  boundary  value  problem 
to  be  solved  on  a  one  dimensional  grid  located  on  the  boundary  and  in 
the  channel.  This  reduction  of  the  node  allocations  makes  it  possible 
to  decrease  the  CPU  time  and  memory  allocation  by  orders  of  magnitude. 

In  order  to  implement  this  method  for  MOS  devices,  the  potential 
must  be  solved  explicitly  in  two  dimensions  for  an  initial  bias  voltage. 
The  solution  for  the  other  bias  voltages  can  be  solved  by  the  boundary 
value  problem  with  the  corresponding  small  incremental  bias  voltages 
formulated  above.  The  specific  procedure  is  as  follows: 

1)  The  initial  solution  is  calculated  using  a  two  dimensional  grid 
and  either  a  finite  difference  or  finite  element  solution  method. 

2)  Using  the  initial  solution,  the  boundaries  of  the  depletion 
regions  are  calculated. 

3)  Next  the  boundary  va.ue  problem  with  a  specific  small  incremental 
bias  is  solved  together  with  the  one  dimensional  electron  continuity 
equation  along  the  channel  for  the  incremental  potentials  and 
electron  densities. 

4)  Terminal  currents  are  calculated.  The  incremental  channel  and 
boundary  surface  charges  are  calculated  and  the  boundaries  of  the 
depletion  regions  are  updated. 
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5)  The  same  procedure  Is  repeated  to  the  final  bias  voltage. 

In  essence,  the  bias  is  stepped  to  obtain  the  new  solution  In  a 
manner  very  much  like  curve  tracer  measurements. 

4.4.3  _  Formulation  and  Solution  of  the  Matrix  Equation  for  MOS  Devices 

As  outlined  above,  the  semiconductor  device  equations  can  be 
simplified  to  a  boundary  value  problem  and  the  one  dimensional  electron 
continuity  equation  along  the  channel.  The  boundary  value  problem  is 
equivalent  to  Poisson's  equation  result.  The  one  dimensional  electron 
-continuity  equation  along  the  channel  is  used  to  obtain  current  flow. 

In  this  section,  the  practical  Implementation  of  the  new  method  will  be 
discussed  In  detail. 

A.  Simplification  of  the  Geometry  for  the  Practical  Implementation 
In  MOS  devices,  the  significant  amount  of  the  incremental  surface 

charge  is  induced  only  along  the  boundaries  confined  by  the  source,  gate 
drain  and  substrate.  In  this  case,  it  is  enough  to  consider  the  simple 
rectangular  region  as  Illustrated  in  Figure  4.4.18.  The  effects  of  the 
Incremental  charges  outside  the  region  can  be  represented  by  the  proper 
boundary  conditions  along  the  rectangular  boundary  using  the  equivalent 
principle  In  the  electromagnetic  theory  C  4.20  3*  Th^s  simplification 
method  is  Illustrated  in  Appendix  4. 4.3. 

B.  Discretization  of  the  Boundary  Value  Problem  -  Poisson's  Equivalent 
When  the  geometry  of  the  device  is  simplified  and  fixed,  the 

boundary  value  problem  can  be  completely  specified  if  the  relation¬ 
ships  between  the  incremental  potential  and  surface  charge  on  the 
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boundary  and  In  the  channel  are  determined.  In  order  to  find  these 


relations,  the  boundary  is  divided  into  small  cellsand  the  channel 
is  divided  into  Nc  small  cellsas  illustrated  in  Figure  4.4.19.  If  the 
incremental  potential  in  each  cell  is  assumed  constant  over  the  cell, 
the  small  cells  can  be  treated  as  sheets  of  conductors.  Then  the 
capacitance  matrix*  can  be  formulated  to  give  the  relation  between 
the  incremental  potential  and  surface  charge  in  the  cells: 

N 

Z  C,.  A<K  =  A  Q.  i  =  1 ,  N  (4.4.52) 

j=l  1J  3  1 

where 


Ai{)j  =  incremental  potential  in  cell  j 

AQ^  ®  incremental  surface  charge  in  cell  i  per  unit  width 

C.  .  =  capacitance  matrix 

•  0 

Nj  =  number  of  cells  on  the  boundary 

N  =  number  of  cells  on  the  channel 

c 

N  =  N  +  N . 

c  a 

Each  element  of  the  capacitance  matrix,  C- •  is  the  induced  incremental 

*  J 

charge  in  cell  i  due  to  the  incremental  voltage  AiJ*..  The  incremental 

J 

potential  Aip.  on  the  boundary  are  given  by  the  boundary  whereas  the 
Ai^  on  the  channel  are  unknown.  However  there  are  additional  relations 
on  the  channel  inversion  layer,  given  by 


AQi 


l- 

i 


A*ch 


^  £  (^.  +AiJ>.  -  <frfn,  i)  -  4>fn»*)J  (4-4*53) 


where 


=  length  of  the  ith  cell 


the  detailed  derivation  of  the  capacit  nee  matrix  in  the  finite  region 
will  be  given  in  Appendix  4.  4.4. 


channel  thickness 


$fn*  i  =  electron  quasi  fermi  potential  on  the  ith  cell 
n-  3  intrinsic  carrier  concentration 
Hence,  if  equation  (4.4.43)  is  used  in  (4.4.42),  there  are  N  unknown 
and  N  equations.  Therefore,  A#t  along  the  channel  and  AQj  on  the  boundary 
can  be  evaluated  using  equations  (4.4.42)  and  (4.4.43)  as  well  as  the 
boundary  conditions. 

C.  Discretization  of  Electron  Continuity  Equation 

As  explained  in  Section  4.4.2,  the  hole  continuity  equation  can  be 
neglected  for  n-channel  MOS  devices  and  only  the  electron  continuity 
equation  is  solved  along  the  channel.  As  a  result,  a  one  dimensional 
electron  continuity  equation  is  solved  along  the  channel: 

~-R  (4.4.54) 

dt  q  dq 

The  Gumnel-Scharfettcr  expression  [4.21]  is  used  for  Jn 


Jn(i+Ji)  q-  •  E(i+5sJ 


1  -  e 


n«  ->1) _ 

-3-E(i+  *5)  •  AYi 


+  1  _0  B  •  E C 1  •  Ay^ 


(4.4.55) 


where 

B  s  q/kT 

y„  :  electron  mobility 

Equation  (4.4.54)  can  be  discretized  as  follows 


t+1  t 

n(i)  :,pjJ 

At 


t+1  t+1 

}  0n  (1+%)  -  Jn  (ij) 

*  q  (Ay(i+U  "  Ay(D)/2 


(4.4.56) 
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Where  the  appropriate  Index  change  using  equation  (4.4.55)  Is  Implied. 
Infinite  recombination  velocity  Is  assumed  at  the  boundary  of  the  source 
and  drain  contacts.  Hence,  electron  densities  are  the  same  as  the 
equilibrium  value  at  the  source  and  drain  contact.  An  Implicit  time 
scheme  [4.22]  Is  used  to  discretize  the  time  dependent  term.  The 
numerical  solution  of  equation  (4.4.56)  results  In  the  terminal  currents 
required  at  each  bias  point.  The  overall  solution  implementation  will 
be  discussed  next. 

0.  Flow  Chart  of  the  Program 

The  method  described  above  has  been  Implemented  on  the  computer; 
the  flow  chart  Is  Illustrated  In  Figure  4.4.20.  First,  Input  data  are 
read  and  the  Initial  Poisson  solution  Is  generated  using  finite 
difference  solution  method.  Next  the  depletion  boundary  Is  determined 
and  divided  Into  small  cells.  The  typical  number  of  the  cells  on  the 
boundary  and  channel  ranges  from  40  to  60.  After  these  initial  steps, 
bias  voltages  are  Increased  incrementally.  When  the  bias  voltages  are 
given,  the  capacitance  matrix  equation  (4.4.49)  and  the  one  dimensional 
electron  continuity  equation (4.4.56)  are  solved  simultaneously  for 
and  n(1).  Equation  (4.4.52)  and  (4.4.56)  are  nonlinear  and  Newton's  method 
Is  used  at  each  iteration.  When  the  convergent  solution  Is  obtained, 
the  terminal  current  is  calculated  as  well  as  AQ^  on  the  boundary.  The 
change  of  the  depletion  region  boundary  and  updated  boundary  are  calcu¬ 
lated  using  AQ^  and  the  specified  doping  density.  The  above  procedure 
is  repeated  until  the  final  bias  potential  Is  achieved. 

Due  to  the  small  number  of  cells,  the  implementation  of  the  slmul- 
tanous  solution  requires  only  a  small  CPU  time  and  memory  allocation. 


311 


Furthermore,  the  simultaneous  solution  using  Newton's  method  guarantees 
the  convergence  of  the  solution  at  aqy  bias  condition.  The  average  CPU 
time  for  one  bias  point  Is  of  the  order  of  1  second  using  the  IBM  370-168. 
This  Is  an  order  of  magnitude  faster  than  results  of  the  finite  difference 
method  program,  CADDET. 

Moreover,  the  Incremental  method  with  the  simultaneous  solution 
method  shows  minimal  effects  at  higher  bias  voltages,  where  this  Is 
not  true  for  CAODET  because  It  uses  the  Iteration  between  Poisson's 
equation  and  electron  continuity  equation  which  falls  In  the  strong 
Inversion  cases.  Table  4.4.4  summarizes  the  Iteration  and  total  CPU 
time/bias  point  differences  between  the  two  methods. 

4.4.4  Discussion  of  the  Accuracy  of  the  New  Method  Compared  with  CAODET 

In  the  practical  implementation  of  the  new  boundary  value  method, 
several  approximations  are  used  to  simplify  and  reduce  the  computations. 

The  validity  of  these  approximations  should  be  checked.  All  the  approxi¬ 
mations  used  In  the  new  method  are  summarized  and  discussed  In  Appendix  C. 
In  order  to  check  the  accuracy  of  the  method  and  to  Identify  the  sources 
of  Inaccuracy,  the  simulation  results  of  BV  method  have  been  compared 
with  the  results  of  CAODET.  These  results  are  not  compared  with  the 
measurements  of  the  real  devices,  since  additional  errors  can  be  intro¬ 
duced  such  as  the  effective  channel  length  and  doping  profile  specifica¬ 
tions.  A  short  channel  MOS  device  with  the  2  pm  effective  channel  length 

Is  used  In  comparison.  The  geometry  of  the  device  Is  Illustrated  In  Figure 

4.4.21.  The  source  and  drain  region  are  approximated  as  a  uniformly 
doped  rectangular  region.  The  doping  concentrations  are  l.E20/cm**3 
for  each  region.  The  substrate  has  uniform  doping  of  l.E16/cm**3  . 
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The  device  parameters  used  for  both  programs  are  shown  In  Table  4.4.5. 
The  Initial  solution  for  the  new  method  Is  taken  from  CADDET  at  the 
bias  of  VgS  ■  2.0  v  and  ■  0  V,  which  is  In  the  subthreshold  region. 

Two  primary  sources  of  the  Inaccuracy  are  Identified.  The  most 
significant  Is  the  approximated  boundary  conditions  on  the  simplified 
rectangular  region,  especially  the  boundary  condition  between  the 
drain  and  bulk  for  high  Vd$  bias.  Two  different  approximation  methods 
are  used  to  evaluate  the  boundary  conditions  between  the  source  and 
the  bulk,  and  drain  and  bulk.  The  first  one  is  the  one  dimensional 
planar  p-n  junction  approximation  as  Illustrated  In  Figure  4.4.22.  The 
second  one  Is  the  one  dimensional  cylindrical  p-n  junction  approximation 
as  Illustrated  In  Figure  4.4.23.  The  results  using  both  approximations 
are  compared  with  CADDET  In  Figure  4.4.23.  The  approximations  Of  these 
boundaries  have  significant  effects  on  the  output  conductance  of  1^ 
vs.  Vqs  characteristics  In  the  saturation  region.  The  cylindrical 
approximation  gives  more  reasonable  results  as  expected.  However, 

It  still  gives  a  slightly  larger  output  conductance.  More  efforts 
will  be  needed  to  accurately  approximate  these  boundary  conditions. 

The  next  major  source  of  the  Inaccuracy  is  the  approximation  of  the 
finite  thickness  Incremental  charges  on  the  depletion  boundary  as  the 
Infinitesimal  thickness  of  the  surface  charge  In  the  boundary  value 
problem.  Oue  to  the  above  approximation,  the  bias  voltage  step  Is 
limited  to  less  than  0.05  V  In  the  subthreshold  region  to  minimize 
the  Inaccuracy  due  to  the  above  approximation  and  hold  it  to  within 
IX  of  the  CADOET  result.  However,  much  larger  bias  steps  can  be  taken 
above  threshold  voltage  due  to  the  screening  effects  of  the  channel. 


As  Illustrated  In  Figure  4.4.25,  the  bias  step  AVf  *  0.5  V  can  be  taken  and 
still  maintain  3X  error  —  steps  of  V  ■  1  V  result  In  only  5%  Inaccuracies. 

Using  the  one-dimensional  cylindrical  p-n  junction  approximation 
on  the  boundary,  full  characteristics  of  the  n  channel  flOS  devices  are 
simulated  and  compared  with  the  results  of  CADDET  In  Figures  4.4.26-28. 

In  Fig .4.4.I0,Ijg  vs  characteristics  In  the  linear  region  is 
plotted.  The  drain  voltage  Is  set  to  0.1  V.  The  gate  voltage  Is  varied 
from  2.0  V  to  4.0  V.  The  agreement  Is  very  good  In  the  linear  region 
except  the  slight  difference  In  the  slope.  The  same  data  Is  plotted 
In  log  scale  to  compare  the  currents  In  the  subthreshold  region  as 
Illustrated  In  Figure  4.4.27.  1^  vs.  VDS  characteristics  In  the  linear 

and  saturation  region  are  plotted  and  compared  In  Figure  4.4.28.  The  out¬ 
put  conductance  In  the  saturation  region  of  the  new  method  Is  slightly 
larger  than  that  of  CADDET  as  explained  above.  The  overall  agreement 
between  the  new  method  and  CADDET  Is  very  good  In  spite  of  the  approxi¬ 
mations  mentioned  above.  The  discrepancy  Is  less  than  5*  In  all  cases. 

The  potential  distribution  along  the  channel  In  both  cases  are  plotted 
and  compared  also  In  Figure  4.4.29.  The  gate  voltage  Is  set  to  3.0  V  and 
the  drain  voltage  Is  varying  from  0.2  V  to  1.8  V  with  0.4  V  step. 

The  agreements  are  good  except  the  discrepancy  near  the  drain.  That  Is 
due  to  the  difference  In  the  drain  boundary  condition  mentioned  In 
Appendix  4.3.5. 

4.3.5  Conclusion 

A  new  method  has  been  developed  for  fast  and  simplified  two  dimen¬ 
sional  simulations  of  M0S  devices.  Two  dimensional  Poisson's  equation 


Is  reduced  to  the  initial  solution  and  the  boundary  value  problem.  The 
current  transport  is  solved  along  the  channel  with  appropriate  field 
coupling  to  the  boundary  conditions.  These  simplifications  lead  to 
the  substantial  reductions  in  nodes  allocated  for  analysis.  In  spite 
of  these  simplifications,  the  simulations  of  the  short  channel  MOSFET 
by  the  new  method  are  very  good  agreements  with  the  results  of  CADDET. 

The  new  program  is  very  suitable  for  the  mini-computer  implementa¬ 
tion  and  the  two  dimensional  transient  analysis,  due  to  its  small 
memory  requirement  and  fast  speed.  The  small  number  of  node  points 
make  the  speed  of  the  new  program  faster  than  that  of  the  equivalent 
finite  difference  and  finite  element  method  programs.  Each  dc  point 
takes  about  1-2  seconds  on  IBM  370-168  which  is  an  order  of  magnitude 
faster  than  CADDET. 
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APPENDIX  4.4.3 

EQUIVALENCE  PRINCIPLE  AND  UNIQUENESS  THEOREM 


Equivalence  Principle  [4.20] 

Many  sources  distributed  outside  a  region  can  produce  the  same  field 
Inside  the  region.  Two  sources  which  produce  the  same  field  within  a 
region  of  space  are  said  to  be  equivalent  within  that  region.  For 
consideration  of  the  field  in  a  given  region,  it  is  not  always  neces¬ 
sary  to  know  the  actual  sources,  since  the  equivalent  sources  will  serve 
as  well.  Using  the  uniqueness  theorem,  maiy  electrostatic  field  problems 
can  be  simplified  when  the  actual  source  is  replaced  by  the  corresponding 
boundary  conditions  or  equivalent  sources.  The  uniqueness  theorem  is 
summarized  as  below: 

Uniqueness  theorem 

In  a  closed  boundary  region,  the  potential  distribution  is  uniquely 
specified  if 

1)  The  potential  is  given  over  the  boundary  (Dirichlet  B.  C.) 

2)  Normal  derivative  of  the  potential  is  given  along  the  boundary 
(Neumann  B.  C.) 

3)  The  potential  is  given  over  a  part  of  the  boundary  and  its 
normal  derivatives  over  the  remain  ng  part  (mixed  B.  C.) 

Using  the  uniqueness  theorem  and  the  equivalence  principle,  the 
potential  generated  by  the  incremental  charges  in  Figure  4.4.17  can  be 
equivalently  generated  within  the  rectangular  region  by  the  proper 
boundary  conditions  as  illustrated  in  Figure  4.4.18. 
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In  the  boundary  value  problem  of  Figure  4.4.18,  the  incremental 
boundary  potentials  on  the  source,  gate,  drain  and  substrate  are 
already  given  by  the  incremental  bias.  The  incremental  boundary 
potentials  between  the  4  terminals  should  be  evaluated.  Some 
approximated  evaluation  methods  are  discussed  in  Section  4.4.4. 


APPENDIX  4.4.4 


DERIVATION  OF  THE  CAPACITANCE  MATRIX  IN  THE 
FINITE  REGION  AND  ITS  PRACTICAL  EVALUATION 


1)  Derivation  of  the  Capacitance  Matrix  In  the  Finite  Region 

In  order  to  derive  the  relation  between  the  incremental  potentials 
and  surface  charges  in  the  finite  region,  equation  (4.4.46)  is 
modified  as  follows  [4.23]. 


Mx)  =  +  l  p(x')  Gn(x,x')  d2x'  +  /  e  ||,  •  GH  dx'  (B-l ) 

where 


s  =  the  two  dimensional  finite  region  to  be  considered 
r  =  the  boundary  of  s 

GN(x,x')=  two  dimensional  Green's  function  that  satisfy  the 
following  conditions 


ur 


v  GN(x,x') 


-  -  6(x-x' )  inside  s 
£ 


outside  s 


3Gn _  i 

W  (x,x')  "  "  L~r 
~  the  total  length  of 
=  average  of  \|;  on  F 


If  small  increments  are  taken,  there  are  not  significant  changes 
in  the  boundary  of  the  depletion  region.  Hence  G^  is  constant  and 
(B-l)  becomes: 


Aip(x)  *  <AiJ»r  +  £  Ap(x')  G^(x,  x')  d2x'  +  {  e  .  Gfjdx'  (B-2) 
e  T7T-  In  the  third  term  of  the  right  hand  side  is  Identified  as 

ON 

incremental  surface  charges  along  the  boundaries  using  Gauss  theorem. 

If  the  depletion  approximation  is  used  for  MOS  devices,  there  are  only 
incremental  channel  charges  in  s.  Hence,  the  surface  Integral  of  the 
second  term  can  be  reduced  to  the  line  integral  as  follows. 

/Ap(x')  Gn(x,  x')  d2x'*  /channel  Ao(x')  GN(x,  S')  dx'  (B-3) 

where 

Ao(x')  =  Ap(x')  .  AXch 
*  channel  depth 

Then 

Ai|>(x)  =  <A4»>  +  /  A0(x')  Gn(x,x’)  dx* 

r  channel  M 

+  /  Vo(x')  Gn(x,x')  dx'  t  (B-4) 

boundary 

If  the  boundary  and  channel  are  divided  into  N  small  cells  and  the 
mean  value  theorem  [10]  is  used, 

N 

A4f(x)  a  <Aij»r+  jgj  Ao(x')  .  Gn(x,x‘  )  dx'  (B-5) 

N 

■  <A«>r  +  Aa(Cj)  [  ^  Gn(x,x')  dx‘] 
where  £ .  is  the  point  in  the  jth  cell. 

J 

Using  Garlerkin's  method  [4.25],  both  sides  of  (B-5)  are  multiplied 
by  the  shape  function  <j>^,  where  is  one  in  the  ith  cell  and  zero 
otherwise.  Then  it  is  Integrated  in  the  whole  region.  Then 
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A^1  "  Lf  ^  ^  *Ai  |  ^(xj.XjJdxf  dxj  (B-6) 


where 


1  ■  1,  N 


i-i  :  length  of  the  1th  cell 


h  “IT  dx 


After  some  mathematical  manipulation,  (B-6)  becomes 


Aih  •  Z  P,  /  AQj 

1  j=l  ^  J 


(B-7) 


where 


AQj  *  *1  -Ao(t.) 

pij "  j,  Dik'  pkj 


p  ■  * mr  r\  i  %(5i -V  dxi  dxj 

•  J 


°fj  ■  6ij  •  l''h 
If  (3-7)  is  inverted. 


Z  C.  .  Aif/ . 
j=l  '*  J 


where  C. .  ■  P'. 
ij  iJ 


1*1  ,N 


(B-8) 


The  capacitance  matrix  can  be  obtained  using  the  above  definition. 
However  in  practical  cases,  conformal  mapping  method  is  ysed  as  Illus¬ 
trated  In  the  next  section. 

2.  Subregion  Method 

In  order  to  treat  MOS  devices,  multiple  dielectric  regions  should 
be  considerd.  It  is  very  complicated  to  derive  the  relation  between  &a. 
and  in  this  case.  A  different  approach  has  been  taken  to  solve  this 
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problem  where  an  imaginary  boundary  wall  is  located  along  the  channel 
as  illustrated  in  Figure  (B-l).  Using  the  equivalence  principle 
AoQX  *  eQX  •  AE0X  •  n^x  is  put  on  the  side  of  the  oxide  region  at  the 
channel  and  Ao$^  ■  e$1.  •  AE$^  •  nSl-  on  the  side  of  the  silicon  region. 
The  boundary  surface  charges  in  the  oxide  region  and  Agox  generate  the  same 
incremental  field  as  before  in  the  oxide  region  but  give  zero  field 
outside.  Using  the  same  argument,  the  boundary  surface  charges  in  the 
silicon  region  and  Ao^  generates  the  same  incremental  fields  in  the  sili¬ 
con  region  and  zero  field  outside.  Therefore,  the  oxide  region  and 
silicon  region  can  be  separated  using  these  equivalent  sources  AaQx  and 
Aosj.  After  the  separation,  the  relation  between  the  incremental 
potentials  and  surface  charges  in  each  region  can  be  formulated  indepen¬ 
dently. 

The  evaluation  of  the  capacitance  matrix  becomes  much  easier  in  this 
homogeneous  dielectric  case.  After  evaluating  the  capacitance  matrix 
for  each  region,  they  can  be  combined  to  obtain  the  total  capacitance 
matrix  for  the  entire  region  using  the  relations  as  follows. 

A’J’ox"  A*si  <B~9) 


1) 

2) 


Ao  .  ,  =  Aa  +  Act.  . 

channel  ox  si 

at  the  channel 


(B— 10) 


The  rules  for  combining  is: 

if  i  c  channel  or  j  c  channel 


r  _  r  ox  ^  .  si 

Sj  cu  °r  cij 

c  »  c  ox  +  csi 

Ci  j  Sj  cij 


i,  i  c  channel  and  jc  channel. 


In  subsequent  discussion,  only  the  tomogeneous  case  will  be  considered. 
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3)  The  Conformal  Mapping  Method  [4.26] 

The  potential  and  field  distribution  of  a  complicated  boundary  can 
be  easily  obtained  from  that  of  the  simple  boundary  when  conformal 
mapping  and  the  theorem  [4.  £6]  presented  hereafter  are  used 
Theorem 

2 

If  VyCu.v)  ■  0  ir.  W-plane,  then,  7  y[u(x,y),  v(x,y)]  * 

2 

V  <J»(x,y)  =  0  in  Z-plane  when  1~  (w)  is  analytical, 

where  <}>(x,y)  s4'[u{x,y),  v(x,y)] 

According  to  the  theorem  above,  the  potential  at  one  point  in  Z-plane 
is  the  same  as  the  potential  at  the  corresponding  point  in  M-plane  if 
the  boundary  conditions  are  properly  mapped.  The  parallel  plates  in 
Figure  (B-2a)  can  be  mapped  into  the  region  in  Figure  (B-2b)  such 
that  the  upper  plate  is  mapped  into  the  ith  cell  and  the  lower  plate  into 
the  other  boundary,  using  conformal  mapping.  Then  the  potential  and 
field  at  the  Z-plane  are  the  same  as  those  of  the  corresponding  point 
in  W-plane. 

Hence,  the  incremental  potential  and  field  distribution  are  easily 
obtained  for  the  given  geometry  and  boundary  conditions  in  Figure  (B-2b). 
Once  the  incremental  potential  and  field  distribution  are  known,  the 
capacitance  matrix  C*  •  can  be  easily  obtained,  because  C. .  is,  by 

I  J  I  J 

definition,  the  induced  charge  in  the  ith  cell  when  At/j .  is  1  V  and 

J 

others  are  zero. 
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4 .  Surface  Charge  Approximation  of  the  Finite  Thickness  Incremental 
Charges  at  the  Depletion  Boundary 

When  the  potential  problem  is  reduced  to  the  boundary  value  problem 
for  the  incremental  potential,  the  finite  thickness  incremental  charges 
on  the  depletion  boundary  are  approximated  as  infinitesimal  thickness 
surface  charge  assuming  the  Incremental  potentials  are  small  so  that 
the  thicknes:  of  the  incremental  charges  are  thin  enough.  Due  to  the 
above  approximation,  the  bias  voltage  step  is  limited  0.05  V  below  the 
threshold  voltage  to  keep  the  accuracy  v/i thin  1%.  However,  it  turns  out 
that  the  bias  step  can  be  taken  up  to  0.5  V  within  the  accuracy  of  3% 
above  the  threshold  voltages. 

5.  The  Approximated  Boundary  Conditions  on  the  Simple  Rectangular 
Region 

In  simplifying  the  geometry  of  the  boundary  value  problem  the 
effects  of  the  incremental  charges  outside  the  region  are  equivalently 
replaced  1-.  the  boundary  conditions  as  illustrated  in  Figure4.4.18.  There 
are  no  errors  introduced  in  the  above  replacement.  However,  significant 
errors  can  be  introduced  when  the  approximated  boundary  conditions  are 
used.  The  detailed  discussion  about  it  is  in  Section  4.4.4. 
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APPENDIX  4.4.5 

DISCUSSION  OF  THE  APPROXIMATIONS  USED  IN  THE  NEW  METHOD 

All  the  approximations  used  in  the  new  method  are  summarized  and 
their  validities  are  discussed. 

1 .  One  Carrier  Approximation 

In  n-channel  MOS  devices,  the  hole  current  contribution  to  the 
channel  current  is  very  small  and  can  be  neglected.  Hence,  only  the 
electron  continuity  equation  is  solved.  This  is  usually  used  in  two 
dimensional  MOS  device  simulations  [4.27,  4.29]. 

2.  One  Dimensional  Approximation  of  the  Channel  Current  Transport 
In  usual  bias  cases  of  MOS  devices,  the  current  flows  only  along 

the  surface  except  the  punch- through  and  saturation  region.  In  the 
saturation  region,  the  effect  of  the  channel  spreading  is  small.  Hence, 
the  approximation  can  be  used  in  the  saturation  region  without  signifi¬ 
cant  errors.  However,  the  new  method  cannot  be  used  in  the  punch- through 
region  due  to  the  failure  of  this  approximation. 

3 .  Abrupt  .junction  Approximation  at  the  Drain  and  Source  Boundary 
The  source  and  drain  boundaries  for  the  one  dimensional  electron 

continuity  equation  are  located  at  v.he  metallurgical  junction  using  the 
abrupt  junction  approximation.  Due  to  above  approximation,  the  potential 
and  electron  concentration  near  the  drain  and  source  of^the  new  method 
is  slightly  different  with  the  results  of  CADDET,  illustrated  In  Figure  4.4. 
29.  However,  this  inaccuracy  of  the  boundary  point  is  not  significant 
considering  the  small  width  of  the  depletion  region  in  the  high  concen¬ 
tration  region. 
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Induced  Incremental  charges  around  the  depletion  region  of  the 
source,  drain  and  bulk,  and  on  the  gate  and  channel  In  the  MOS 


Simplification  of  the  boundary  value  problem  on  a  whole  space 
with  the  actual  source  to  the  equivalent  boundary  value  problem 
on  a  rectangular  region  with  the  equivalent  boundary  conditions 


Figure  4.4.19  Discretization  of  the  boundary  and  channel 
Into  small  cells. 
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Topology  and  device  parameters  of  the  simulated  short  channel 
MOS  device. 


REAL  POTENTIAL 


Figure  4.4.24  Comparison  of  the  simulation  results  of  the  one-dimensional 
planar  and  cylindrical  p-n  junction  approximation  with  those 
of  CADDET. 


Figure  4.4.27  Comparison  of  the  B.V.  method  with 
characteristics  in  the  subthreshold 


o 
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Figure  4.4.29  Comparison  of  the  B.V  method  with  CADDET  on  the  potential 
distribution  along  the  channel  with  the  various  drain 
vol tages . 


TABLE  4.4.5 


2  pa 

1  m 

0.1  pm 

0  V 


Electron  life  time 
Electron  mobility 
Substrate  doping  density 
Drain  doping  density 
Source  doping  density 


:  1  ysec 

:  684  cm**2/V  sec 
:  1  El  6  /cm**3 
:  1E20  /cm**3 
:  1E20  /cm**3 


4.5 


TWO  DIMENSIONAL  GRID  GENERATION  FOR  SEMICONDUCTOR 
DEVICE  SIMULATION 


C.  H.  Price 

4.5.1  Introduction 

The  execution  time  and  storage  requirements  of  two  dimensional 
semiconductor  device  simulation  programs  are  directly  dependent  on 
the  number  of  grid  points  (nodes)  in  the  discretization  grid.  The 
number  of  equations  to  be  solved  Is  generally  linearly  related  to  the 
number  of  nodes  and  the  number  of  arithmetic  operations  (principally 
multiplier)  required  for  the  solution  Is  proportional  to  na  where  n  Is 
the  number  of  nodes  and  a  Is  somewhere  between  1.5  and  2.  Reducing  the 
number  of  nodes  In  a  simulation  Is,  therefore,  a  matter  of  great 
Importance . 

Reduction  of  the  number  of  nodes  and  the  ease  of  matching  non- 
rectangular  structures  are  two  of  the  principal  factors  In  popularity 
of  the  finite  element  method  for  solving  the  equations  of  semiconductor 
device  simulation.  Some  of  these  advantages  are  lost,  however.  If  no 
simple  means  for  grid  generation  Is  provided  to  the  user  for  optimizing 
the  grid  to  match  the  device  topology.  Most  often,  the  user  has  only 
two  choices,  he  may  tediously  locate  every  grid  point  (or  some  large 
subset  thereof)  In  the  x,  y  coordinate  plane  or  else  he  may  specify  a 
much  smaller  subset  of  the  grid  points  (such  as  boundary  points  only) 
and  allow  the  computer  to  Interpolate  the  remainder  of  the  grid  from 
the  specified  points.  Unless  a  highly  "Intel  11  gent"  grid  placement 
program  Is  used,  the  computer  generated  grid  will  be  sub-optimal  for 
most  problems  of  Interest. 
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If  limited  to  a  specific  device  the  degree  of  program  "intelligence 


needed  is  reduced  and  nearly  optimal  grid  placement  may  be  obtained. 
Although  many  of  the  interesting  problems  involve  novel  modifications 
to  the  standard  device  which  would  render  the  grid  sub-optimal.  It  is  a 
logical  first  step  to  initially  limit  the  scope  of  the  investigation 
into  grid  generation  to  a  specific  device.  We  have  chosen  the  short 
channel  MOS  transistor  as  a  representative  problem  of  inteiest. 

This  work  is  just  beginning  and  few  results  have  been  obtained 
yet  since  the  initial  efforts  have  been^fooused  on  developing  an 
efficient  (in  terms  of  execution  time  and  storage  requirements)  simula¬ 
tion  program  which  uses  the  finite  element  grid  [4.1  ].  Thus,  the 
emphasis  in  this  report  Is  on  the  description  of  the  grid  generation 
problem  and  the  directions  proposed  in  pursuit  of  the  solution. 

4.5.2  Grid  Density  Criteria 

It  can  be  shown  [4.30]  that  since  abrupt  changes  in  mobile  carrier 
density  are  smeared  out  with. a  characteristic  length  of  Ld  (the  Debye 
length),  accurate  discretization  of  the  continuous  problem  must  have 
grid  spacings  of  less  than  Lq  in  such  regions.  The  Debye  length  is 
given  by: 


(4.5.56) 


where  kT/q  is  the  thermal  voltage,  c  is  the  permittivity?  q  is  the 
electron  charge  and  n  Is  the  mobile  carrier  concentration.  Typical 
values  for  these  parameters  yield  an  Lq  of  .002  microns  for  n*10^9cm-3. 
Thus,  even  when  modeling  one  micron  dimension  devices,  the  required 
grid  spacing  is  excessive  In  terms  of  number  of  grid  points  needed. 

The  question,  then,  is  what  is  lost  by  exceeding  the  "required"  grid 
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spacing  maximum?  Furthermore,  what  Is  the  required  grid  spacing  In 
other  areas  of  the  device  away  from  abrupt  mobile  charge  variations 
such  as  the  depletion  and  neutral  regions? 


Another  criteria  Is  the  requirement  that  the  potential  be  accurately 
represented  by  linear  Interpolation  between  grid  points.  Thus,  curvature 
of  the  potential  requires  a  greater  density  of  grid  points  which,  as  a 
consequence  of  Poisson's  equation,  places  the  densest  grid  where  the  net 
charge  is  greatest,  l.e. 


Z-?)  ip  =  -P/e 

3  y  / 


(4.5.57) 


where  ip  Is  the  electrical  potential , p is  the  net  charge  density  and  e 
Is  the  permittivity  of  the  region.  Although  this  criterion  places  a 
linear  relation  between  grid  density  and  net  charge  density,  such 
relation:;  are  seldom,  if  ever,  followed.  Ignoring  neutral  regions,  net 
charge  often  varies  over  more  than  five  orders  of  magnitude  whereas  grid 
density  seldom  varies  over  more  than  two  orders  of  magnitude. 

Another  attribute  which  the  grid  must  possess  Is  flexibility  over 
a  range  of  bias  conditions  without  need  for  modification.  This  is  not 
an  absolute  requirement  as  adaptive  solution  methods  do  exist;  however, 
the  overhead  involved  in  recomputing  the  geometrical  connectivity  infor- 
mation  of  the  grid  (and  in  redetermining  the  matrix  decomposition  steps 
for  direct  solution  methods)  is  considered  excessive  for  device  simulation 
Ideally,  each  region  of  the  grid  should  have  a  grid  point  density  equal 
to  the  densest  grid  needed  for  that  region  under  any  of  the  range  of 
bias  conditions.  Practically,  however,  it  may  be  preferable  to  utilize 
different  grids  for  different  families  of  bias  conditions.  For  example. 


the  dense  grid  needed  In  the  channel  region  of  an  KOS  transistor  above 
threshold  would  be  largely  wasted  In  the  study  of  sub-threshold  effects. 

The  principal  techniques  used  to  determine  the  effects  of  grid 
will  be  global  and  local  grid  density  doubling  combined  with  Richardson 
extrapolation.  The  grid  density  will  be  increased  until  further  increases 
have  no  significant  effect  on  the  solution,  then  density  will  be  selectively 
decreased  in  various  regions  of  the  model  device  to  determine  the  minimum 
grid  density  necessary  for  each  region.  If  possible,  an  adaptive  tech¬ 
nique  for  finite  element  problems  developed  by  Bank  [431  ]  at  the  Univer¬ 
sity  of  Texas  at  Austin  may  also  be  used. 

^•5.3  Types  of  Grids 

For  the  purpose  of  this  report,  grids  are  classified  Into  two 
groups  —  finite  difference  and  finite  element  types.  The  distinction 
is  not  as  great  as  the  naming  convention  might  imply,  however,  since 
it  is  possible  to  implement  finite  difference  analysis  on  a  non-rectangu- 
lar  "finite  element"  grid.  Examples  of  several  members  of  each  type  of 
grid  are  shown  in  Figure  4.5.30.  Grids  a,b,c  and  d  in  Figure  4.5.30  are 
finite  difference  grids  and  gHds  e  and  f  are  finite  element  grids  — 
the  dominant  difference  is  the  non-rectangular  nature  of  the  latter. 

The  finite  difference  equations  for  the  grid  becomes  increasingly 
more  complicated  progressing  from  Figure  4.5.30a  to  Figure  4.5.30dwith 
an  associated  increase  In  overhead  for  execution  time  and  storage.  How¬ 
ever  the  total  number  of  grid  points  decreases  over  this  range.  Allowing 
the  boundary  surfaces  to  be  non-rectangular  further  complicates  the 
equations.  The  finite  element  grids  e  and  f  are  seen  to  much  more  easily 
conform  to  the  shape  of  Internal  and  external  boundaries  but  It  Is 
equally  clear  that  specifying  the  grid  Is  much  more  difficult. 


The  efficiency  of  each  of  the  grids  of  Fig.  4.5.30  in  discretizing 
a  model  MOS  transistor  is  shown  in  Fig.  4.5.31.  In  this  highly  simpli¬ 
fied  example,  it  is  assumed  that  the  vertical  grid  density  required  in 
box  labeled  "v"  and  the  horizontal  grid  density  in  the  boxes  labeled 
"h"  is  a  and  the  density  everywhere  else  Is  0  either  horizontally  or 
vertically.  It  is  further  assumed  that  8=  1  and  0*10*8*10,  an  arbitrary 
choice  of  grid  density  ratios.  Using  these  values,  the  relative  number 
of  grid  points  needed  for  each  grid  point  to  satisfactorily  cover  the 
device  can  be  calculated  and  used  as  a  figure  of  merit  for  each  grid. 

These  results  clearly  show  the  desirability  of  the  finite  element  grids; 
however,  the  most  common  grid,  even  for  finite  element  problems,  is  grid 
type  c  because  only  the  boundary  node  locations  have  to  be  specified  by  the 
user.  This  grid  is  seen  to  be  only  moderately  efficient  in  use  of  grid. 

A  finite  difference  grid  which  is  analogous  to  type  f  could 
be  made  by  starting  with  a  coarse  regular  rectangular  grid  and  locally 
subdividing  the  rectangles  in  regions  requiring  high  grid  point  density. 

It  is  not  clear,  however,  how  one  should  handle  the  differential  equation 
discretization  at  nodes  which  do  not  have  four  neighbors.  A  special  case 
of  this  type  of  grid  appears  as  grid  type  d  in  which  the  added  restrictions 
have  been  Imposed  that  all  horizontal  lines  must  span  the  device  and  that 
along  any  horizontal  line:  the  number  of  nodes  must  be  a  power  of  two, 
the  node  spacing  must  be  constant  and  the  number  of  nodes  on  adjacent 
horizontal  lines  may  not  differ  by  more  than  two.  This  grid  allows  use 
of  Fourier  transforms  In  the  horizontal  direction  which  can  be  used  in 
a  method  devised  by  Hodkney  [4.32]  for  the  solution  of  Poisson's  equation. 

The  benefits  of  this  technique  may  outweigh  the  disadvantages  posed  by 

« 

the  excess  grid  required. 
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Primary  emphasis  for  the  grid  generation  studies  discussed  here  Mill 
be  on  grid  types  e  and  f. 

4.5.4  Generation  Methods  for  Finite  Element  Grids 

There  are  three  methods  for  grid  generation  under  consideration: 
subdivision  of  a  coarse  grid  based  on  desired  grid  point  density,  relaxa¬ 
tion  techniques  on  a  regular  rectangular  grid,  and  a  refinement  which 
maps  and  follows  equlpotentlal  and  electric  field  lines. 

The  subdivision  scheme  begins  with  a  very  coarse  user-specified 
triangular  grid  which  serves  principally  to  fix  the  device  shape.  Based 
on  the  desired  grid  density,  the  triangular  elements  are  subdivided 
recursively  until  the  desired  grid  density  Is  achieved  In  each  region 
of  the  device.  Two  kinds  of  triangular  element  subdivision  are  allowed 
as  shown  In  Figure  4.5.32.  This  scheme  Is  taken  directly  from  the 
adaptive  method  of  Bank  in  [4.31]. 

One  problem  with  this  method  Is  that  It  Is  nearly  Impossible  to 
prevent  the  generation  of  obtuse  triangles  which  are  undesirable  In 
finite  element  methods.  Although  there  are  at  least  two  schemes  for 
accomodating  obtuse  triangles,  neither  Is  very  appealing  In  representing 
the  physics  of  the  device.  The  only  alternative  Is  to  develop  an  algo¬ 
rithm  for  seeking  out  obtuse  triangles  and  reconnecting  the  offending 
nodes  Into  acute  triangles.  Whether  such  an  algorithm  Is  feasible  will 
be  determined. 

The  method  Involving  relaxation  of  a  rectangular  grid  also  appears 
attractive  but  suffers  from  the  same  obtuse  triangle  problems  as  the 
previous  method,  A  triangular  grid  Is  generated  from  the  quadrilateral 
grid  by  connecting  diagonal  nodes.  The  relaxation  method  consists  of 
moving  each  node  by  a  weighted  average  of  the  vectors  pointing  to  its 
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four  neighbors.  The  weighting  Is  the  object  of  study  but  It  Is  expected 
to  be  a  function  of  the  relative  locations  of  the  nodes  and  the  grid  density 
criteria  for  the  region.  Variations  of  this  method  are  commonly  used  In 
structural  finite  element  problems  for  smoothing  the  grid  [4.33].  It  Is 
hoped  that  non-uniform  weighting  can  similarly  un-smooth  the  grid  for 
our  purposes.  The  grid  of  Figure  4.5.30e  was  generated  using  this 
procedure. 

The  third  grid  generation  scheme  Involves  mapping  the  equlpotentlal 
and  electric  field  lines  within  the  device.  Placing  nodes  at  the  Inter¬ 
sections  of  these  lines  results  In  elements  which  are  nearly  rectangular 
due  to  the  orthogonality  of  the  equlpotentlal  and  electric  field  lines. 
Connecting  one  diagonal  node  pair  within  the  element,  divides  the  nearly 
rectangular  element  Into  two  triangular  elements  which  are  nearly  right 
triangles.  This  method  has  been  applied  to  the  modeling  of  BJT's  by 
Chan  [4.34  ]. 

4.5.5  Source  of  Grid  Density  Values 

Once  the  proper  grid  density  criteria  Is  determined,  this  criteria 
must  be  applied  to  each  region  of  the  device  to  generate  a  grid  density 
value  for  that  region.  Because  this  criteria  will  probably  include 
potentials  and  charge  concentrations  -  values  which  are  not  known  before¬ 
hand  -  a  rough  estimate  of  the  solution  Is  required  In  order  to  generate 
the  grid.  Various  solutions  to  this  dllemna  are  proposed: 

1)  Solve  the  problem  on  a  relatively  coarse  regular  grid. 

2)  FH  the  Impurity  profile  data  to  analytic  functions  (e.g.  Gaussian, 
error  function,  etc.)  and  obtain  a  "textbook"  solution.  Use  the 
potentials  and  analytic  Impurity  profiles  for  grid  generation. 
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3)  Same  as  2)  except  apply  the  depletion  edge  and  Inversion  layer 
locations  obtained  to  the  actual  Impunity  profile  to  determine 
the  net  charge  density. 

4)  Use  simple  one-dimensional  abrupt  or  graded  junction  approximations 
and  the  complete  depletion  approximation  to'  calculate  the  location 
of  depletion  edge  and  Inversion  layers,  then  proceed  as  In  3). 

These  methods  should  (to  varying  degrees)  provide  results  which 

are  sufficiently  good  for  grid  generation.  The  advantages  of  an  adaptive 
method  where  grid  and  solutl.  >  are  Improved  Iteratively  Is  apparent. 

4.5.6  Conclusion 

The  need  for  Improved  methods  of  generating  finite  element  grids 
in  order  to  take  advantage  of  the  grid  efficiency  of  the  finite  element 
method  has  been  presented.  Work  has  just  begun  In  this  area  and  has 
started  with  the  development  of  a  suitable  device  simulation  program 
for  use  in  comparing  the  various  grids.  One  of  the  principal  objectives 
will  be  the  determination  of  a  grid  density  criteria  for  optimal  place¬ 
ment  of  grid  points.  The  second  objective  will  be  the  Investigation  of 
various  methods  for  generating  grid  according  to  the  criteria  determined. 
The  three  principal  methods  to  be  compared  are:  subdivision  of  elements, 
grid  relaxation,  and  following  equlpotentlal  and  electric  field  lines. 
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Figure  4.5.31 


Relative  efficiencies  of  the  grids  of  Figure  4.5.30. 


4.6  TEST  STRUCTURES  FOR  TWO-DIMENSIONAL  PROFILE  MEASUREMENTS 

K.  6.  Lee 

Earlier  work  with  a  CMOS  test-chip  [4.35]  successfully  deaon- 
strated  a  method  to  calculate  surface  Impurity  profiles  of  laterally 
diffused  regions  using  p-well  and  channel  stop  Implants.  Subsequently, 
two  questions  have  been  posed  which  must  be  answered  before  this 
technique  can  be  established  as  a  useful  design  aid  for  the  realization 
of  VLSI  devices. 

1)  The  present  measurement  method  Involves  simplifying  assumptions 
concerning  the  transport  behavior  of  Inverted  MOS  channel  region. 

What  will  be  the  ultimate  application  limits  of  this  technique? 

2)  How  easily  can  this  test  structure  approach  be  adapted  for  a 
process  other  than  a  CMOS  process? 

This  section  will  cover  results  of  work  that  has  evolved  from  efforts 
to  answer  these  questions.  The  two  subsections  below  correspond  to 
each  of  the  points  above.  In  the  first  subsection,  several  theoretical 
calculations  Including  a  two-dimensional  device  simulation  program 
(TANDEM/Polsson)  Is  used  to  examine  the  accuracy  of  the  algorithm  and 
the  sensitivity  with  the  parameters  Involved.  In  the  next  subsection, 
fabrication  and  measurement  results  on  a  DMOS  test-chip  will  be  discussed. 

4.6.1  Accuracy  of  the  Algorithm  to  Calculate  Surface  Impurity 
Profiles  of  Laterally  Diffused  Regions 

The  measurement  method,  which  will  be  briefly  reviewed  In  the 
following,  converts  the  measured  Ijj  vs.  Vq  relationship  for  an  MOS  transistor 
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Into  the  local  threshold  voltage  along  the  surface,  and  hence  the 
surface  Impurity  profile.  It  is  Important  to  understand  the  validity 
of  the  method.  Since  no  other  measurement  technique  Is  available  «rf th 
which  to  compare,  the  following  approach  has  been  taken. 

An  MOS  structure  with  known  Impurity  profiles,  as  shown  In 
figure  4.6.34  Is  used  first.  When  a  gate  potential  Is  applied  the 
Inversion  charge  In  the  channel  region  can  be  calculated,  and  hence 
the  channel  current,  as  a  function  of  the  gate  and  substrate  potential 
Is  determined.  Using  the  calculated  I0  vs.  VG  data  at  two  values  of 
substrate  bias,  the  surface  Inpurity  profile  Is  reconstructed  using 
the  method.  The  profile  should  be  identical  to  the  original  profile’ 

provided  the  calculation  method  Is  valid.  This  test  Is  Important  because 
It  not  only  evaluates  the  accuracy  of  the  method,  but  also  facilitates 
the  study  of  the  sensitivity  of  the  result  on  the  assumptions  and  para¬ 
meters  Involved  In  the  calculation.  One  of  the  assunptlons  made  In  the 
algorithm  Is  that  electron  mobility  In  the  channel  does  not  depend  on 
the  channel  doping.  We  will  estimate  the  error  this  assumption  can 
Introduce  In  the  final  profile.  The  result  Indeed  shows  that  the 
assumption  results  In  a  nonnepliglble  error.  An  Improved  computational 
method  will  be  suggested  to  handle  this  problem. 

1.  Algorithm  for  Profile  Calculation  Based  on  Measurement 

The  surface  impurity  profile  In  the  width  direction  of  n-channel 
transistors  with  non-uniform  channel  regions  can  be  calculated  from 
the  device  transconductance.  The  transistor  can  be  considered  as  a 
parallel  combination  of  many  devices  having  threshold  voltage  VT 
variations  In  the  x  direction  only,  as  shown  In  Figure  4.6.34.  At  a 
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small  drain  voltage  V^..  elements  of  width  dx  whose  VjaV.j.(x)  contribute 
dID  -  2  &  y{VG,  VB,  Na)  Cq  [Vg  -  VT(x)]  Vg  (4.6.58) 

where 

L  *  length  of  the  channel 

CQ  *  oxide  capacitance  per  unit  area 

VG  *  gate  potential 

Vg  *  drain  potential 

*  surface  Impurity  concentration 
JJ‘fvG»VB*NA^=  e^ectron  mobility  in  the  channel 

and  the  factor  of  two  results  from  equal  contributions  from  the  two 
sides  of  the  device. 

The  analysis  is  simplified  using  an  approximate  analytic  form 
for  mobility.  Since  lateral  mobility  variations  of  the  test  devices 
are  due  to  the  nonuni  form  channel  doping,  and  this  variation  is  smaller 
than  variations  due  to  Vg  or  Vg,  we  assume  that  y  is  not  a  function  of 
doping  (and  therefore  independent  of  x).  Then  the  total  current  at 
a  given  gate  voltage  Vfi  will  be 

W 

2y(Vr,VR)  f 

I„  -  - p-  C„V„  J  {V6  -  VT(x)l  dx  (4.6.59) 

x(VQ) 

where  Vg  *  VT  at  X(VQ)  and  X(Vg)  is  the  maximum  lateral  extent  of 
inversion  at  Vg.  Differentiating  (4.6.59)  with  respect  to  Vg  »  th* 
transconductance  is 
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VD*const 


:d  .  »<Ve2 
yfVg.Vg)  3Vg 


2y(VG,VB) 

+  —6-5-  C0VD  {W-X(V6)}  (4.6.60) 

Measured  mobilities  are  fitted  to  an  empirical  equation 


ufl(VB) 

P(vg,vB)  “  T+e/VgJVg  (4.6.61) 

at  each  substrate  bias.  The  transconductance  gm  Is  calculated  from 
the  measured  Ip  vs.  Vg  data,  and  we  obtain  X(Vg)  from  (4.6.60)  and 
(4.6.61).  Given  X(Vg),  we  know  VT(x)  since  VT=Vg  at  X(Vg). 

Using  measured  threshold  voltage  at  two  substrate  biases, 

we  obtain 


vt|x)  -  VT2(X)  55  ^q^U)  -{v/vsBl  + 

-  >  (4.6.62) 

where 

$F(x)  -  {NA(x)/ni }  (4.6.63) 

The  lateral  dependence  of  surface  states  or  oxide  charge  on  position 
has  been  eliminated.  NA(x)  Is  obtained  from  this  equation  by  Iteratively 
solving  for  q>p(x)  from  N^(x). 

Two  assumptions  made  In  the  method  are  apparent. 

1)  Mobility  dependence  on  channel  doping  Is  negligible- 

2)  All  the  current  measured  from  the  device  come  from  surface  regions 
which  are  strongly  Inverted.  This  Is  not  exact,  since  a  small 
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The  structure  used  to  calculate  the  Ig  vs.  Vg  characteristics 
Is  shown  In  Figure  4.6.35.  The  surface  Impurity  concentration  Is  given 
by 


and  the  vertical  profile  of  the  p-dlffuslon  Is  a  Gaussian  with  exp  (-y*/4Dt) 
dependence.  We  calculate  the  Inversion  charge  Q1n(x)  for  the  given  gate 
potential  Vg.  For  a  very  small  drain  bias,  the  gradual  channel  approxi¬ 
mation  is  valid.  Therefore, 


V 

■  /  u  51nv(ll)  •  r  dx  (4.6.65) 

The  current  voltage  relationship  Is  calculated  using  three 
methods  as  shown  below,  with  the  order  of  Increasing  complexity. 
(Case  A)  Strong  Inversion  assumption  with  mobility  dependence  on  Vg 
and  Vg 


V 

*0  ■  /  *<VV  Co  <VG  ■  VT(x>)  •  r  dx  (4.6.66) 

x(v6> 

where  XMv  Is  the  point  where  the  gate  voltage  Vr  equals  the  threshold 

ilia  X  u 

voltage  Vy(X|MX).  Mobility  Is  assumed  to  have  only  the  Vg  and  Vg 
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dependence  as  In  (4.4.61) 


The  drain  current  calculated  Is  shown  In  Fl9ure  4.6.36.  Since 
the  assumptions  made  in  calculating  the  current  in  this  case  are  exactly 
the  same  as  the  ones  for  the  lateral  profile  calculation  method,  we 
should  expect  to  reconstruct  the  surface  Impurity  profile  without  any 
error.  Therefore  any  error  will  be  due  to  the  numerical  technique  used 
In  the  method  e.g.,  round-off  errors,  etc.  Using  this  Idea,  we  actually 
obtained  the  criterion  for  the  mlnlimm  number  of  grid  points  In  discreti¬ 
zing  the  space  for  the  current  calculation,  and  the  number  of  points  In 
VQ  at  which  the  drain  current  Iq  Is  calculated  to  reconstruct  the  lateral 
surface  profile.  It  Is  found  that  dividing  the  structure  Into  100  sec¬ 
tions  for  1^  calculation,  with  more  allocation  of  points  where  the 
profile  changes  rapidly,  and  200  data  points  of  10  millivolt  step  fbr 
0<Vg<2  volts  will  give  a  satisfactory  reconstruction  of  the  lateral 
profile  as  shown  In  Figure  4.6.37(a). 


(Case  B)  Strong  Inversion  Assumption  with  Mobility  Dependence  on  Vq, 
*B  s"d  % 

In  the  previous  Iq  calculation,  we  assumed  that  the  channel 
mobility  does  not  vary  with  channel  doping.  We  can  be  more  exact  by 
addlnt  the  dependence  on  channel  doping  with  the  following  mobility 
model 


where 


m  *  u,<y  •  u;,<yvB> 


+  ^max  "  um1n^ 
™n  1  +  (WNref)8 


(4.6.67) 


u2(v6.v8)  - 


1 

1  +  9(Vg).  Vq 


358 


’  j  •  «.*  /SC*..  V  . 


The  equation  for  ^(N^)  is  frequently  used  for  the  bulk  mobility  esti¬ 
mation  [4.  36] .  We  adjust  um^n  and  pmax  so  that  it  fits  the  measured 
channel  mobility.  Then 

M  V 

'D  *  /  "l1"*)  u2(WCo  <vg  -  VT(x»  •  T  •  d*  <4-6-68) 

X(VG) 

The  calculated  current  is  shown  in  Figure  4.6.36.  Even  though  ID  is 
calculated  with  the  mobility  dependence  on  channel  doping  taken  into 
account,  it  is  not  possible  to  include  this  dependence  in  the  existing 
method  for  lateral  profile  calculation.  Therefore,  the  reconstructed 
lateral  profile  will  now  be  different  from  the  original  profile.  As 
shown  in  Figure  4.6.37(b),  the  reconstructed  lateral  profile  has  a 
steeper  slope  in  the  center  region  of  the  structure  where  the  surface 
concentration  changes  from  substrate  concentration  to  peak  concentration 
of  the  p-diffusion.  However,  the  peak  concentration  value  is  still 
predicted  accurately. 

(Case  C)  Two-Dimensional  Poisson  Simulation 

In  cases  A  and  B,  simple  current  calculations  v/ere  used  to 
examine  the  cases  where  the  assumption  of  strong  inversion  is  valid. 
Using  a  numerical  two-dimensional  device  simulation  program,  we  can 
calculate  the  total  current  which,  in  addition  to  the  mobility  depen¬ 
dence  of  case  B,  takes  i)  weak  Inversion  current;  ii)  two-dimensional 
effect;  1 i 1 )  nonuniform  channel  doping  in  the  vertical  direction,  all 
into  account.  The  Inversion  charge  distribution  as  a  function  of  depth 
near  the  surface  is  calculated  and  shown  in  Figure  4.6.38. 
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One  disadvantage  of  using  a  numerical  two-dimensional  analy¬ 
sis  Is  the  substantial  calculation  time.  As  shown  In  case  A,  we  need 
200  Ip  vs.  VQ  data  points  for  each  substrate  bias,  and  It  is  not 
practical  to  calculate  all  these  data  points.  However,  we  know  that 
the  Ip"Vg  characteristics  of  the  lateral  profile  device  are  very  well 
behaved.  Therefore,  we  will  evaluate  the  current  value  at  a  few  bias 
points  and  use  spline  fit  Interpolation  to  obtain  the  other  data  points 
(Figure  4.6.36).  In  this  study,  15  to  20  points  are  taken  for  each 
substrate  bias,  with  relatively  more  points  allocated  in  the  bias 
range  where  the  slope  of  Ip  vs.  Vg  characteristics  changes  rapidly. 

The  current  data  calculated  using  this  method  were  used  to  reconstruct 
the  lateral  surface  profile  using  the  method  and  the  result  is  shown 
in  Figure  4.37(c).  Since  the  spline  interpolation  is  a  polynomial  fit 
which  matches  the  given  data  points  exactly,  the  data  points  obtained 
by  interpolation  will  contain  small  but  finite  oscillations  compared 
to  an  ideal  smooth  curve  fit.  Due  to  the  data  differentiation  step 
in  the  method  ,  the  effect  of  this  oscillation  is  amplified  and 
is  apparent  in  the  reconstructed  profile.  However,  the  general  feature 
of  the  lateral  profile  is  quite  similar  to  case  B.  Errors  due  to 
neglecting  the  weak  inversion  current  are  not  observed  because  the 
use  of  equation  (4.4.62)  compensates  this  assumption  to  a  certain 
degree  by  using  the  difference  in  threshold  voltages  instead  of  using 
the  absolute  values  of  threshold  voltages.  Also  we  do  not  see  an 
appreciable  difference  due  to  any  two-dimensional  effect  in  the  center 
region  of  the  device,  because  the  concentration  gradient  in  this 
region  is  not  steep  enough  to  result  in  a  significant  two-dimensional 
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effect. 


From  study  of  the  above  three  cases,  we  conclude  that  accurate 


modeling  of  mobility  dependence  on  channel  doping  is  the  single  most 
Important  areawherethe  present  lateral  profile  calculation  method 
needs  additional  refinements.  It  is  found  that  by  using  an  Iterative 
approach,  we  can  significantly  Improve  the  algorithm. 

3  An  Iterative  Method  to  Improve  the  Lateral  Profile  Calculation 

We  use  equation  (4.6.69)  which  is  rewritten  here. 


W  V 

■d  ■  2  “j(VG  V  /  ‘VV  t  <VVT<X)1  L  dx  <4-6-69> 
x(v6) 

where  the  factor  of  two  has  been  discussed  above  concerning  equation 
(4.6.58).  Since  is  a  function  of  x,  M-j  (N^)  is  also  a  function  of 
x.  y^x)  will  be  the  channel  mobility  along  the  device  width  at  zero 
bias.  Then 
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The  transconductance  gm  is 
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Equation  (4.6.71)  reduces  to  (4.6.60)  when  (x)  is  constant. 

Since  the  lateral  profile  is  unknown,  we  cannot  directly  cal¬ 
culate  the  integration  to  obtain  X(Vg).  We  first  assume  ^(x)  to  be 
a  constant  and  obtain  a  lateral  profile  with  the  method  used  in 
the  previous  discussion.  Then  we  obtain  a  second  approximation  fbr 
Uj(x)  from  the  calculated  lateral  profile  using  equation  (4.6.68). 


This  second  approximation  for  u-j (x)  is  used  in  eq.  (4.6.70)  to 

obtain  a  new  X(Vg).  It  can  be  shown  from  Figure  4.6.39  that  this  process 

actually  improves  the  result  as  the  iterations  are  repeated.  In  Figure 

4.6.39,  curve  A  is  the  constant  mobility  used  in  the  first  approximation 

and  curve  B  is  what  is  obtained  from  the  calculated  lateral  profile.. 

For  a  given  V„  and  g„  in  equation  (4.6.71),  X(V„)  obtained  using  curve 
u  m  b 

B  will  be  closer  to  the  peak  of  p-diffuslon  (x=0)  than  X(Vfi)  obtained 
using  curve  A.  This  process  of  iteratively  improving  the  lateral  profile 
will  converge  to  the  correct  lateral  profile  with  a  few  iterations. 

4.6.2  Fabrication  and  Measurement  of  DMOS/Profile  Test  Chip 

The  double-diffused  or  DMOS  transistors  have  been  proposed 
as  potential  technologies  for  VLSI  high  speed  digital  applications. 
Successive  p-type  and  n-type  diffusions  made  through  the  same  oxide 
opening  results  in  the  characteristic  short  diffused  channel  lengths, 
offering  an  improved  performance  over  conventional  NMOS  at  moderate 
masked  channel  lengths. 

Due  to  the  graded  impurity  profile  of  the  channel  region,  the 
electrical  characteristics  of  these  devices  are  considerably  different 
from  NMOS  transistors.  Efforts  to  fit  the  measured  DMOS  characteristics 
to  conventional  NMOS  transistor  model  equations  were  not  satisfactory, 
requiring  the  use  of  an  effective  channel  doping  and  threshold  voltage. 
These  parameters  are  typically  obtained  by  adjusting  the  NMOS  device 
parameters  with  empirically  determined  factors,  which  can  vary  with 
the  change  of  fabrication  procedures. 

Earlier  work  involving  DMOS  modeling  [4.37  ]  has  indicated  that 
a  more  comprehensive  short  channel  device  model  is  needed  which  takes 
the  actual  Impurity  distributions  into  account.  The  simple  two- 


dimensional  diffusion  theory  [4.38  ]  has  been  utilized  to  model  the 
device  characteristics  [4.39  ]t  but  the  actual  profiles  have  never  been 
measured,  and  the  Inherent  two-dimensional  effects  of  the  DMOS  structure 
remains  poorly  understood. 

The  lateral  surface  Impurity  profile  measurement  technique 

can  be  a  powerful  tool  for  the  determination  of  the  channel  Impurity 

distributions  of  the  DMOS  devices.  The  technique  Is  capable  of  resolving 

concentration  variations  within  one  micron  lateral  dimension  for  Impurity 

16  -3 

concentrations  In  the  range  of  10  cm  .  Some  phys1c.il/chem1cal  tech¬ 
niques  might  have  comparable  resolution  capabilities  in  the  lateral 

dimension,  but  these  techniques  are  confined  only  for  very  high  impu- 

19  -3 

rlty  concentrations  (typically  above  10  cm  ). 

Test  structures  have  been  developed  for  the  measurement  of 
DMOS  channel  profiles.  On  the  same  test  chip,  test  devices  for  two 
other  related  areas  of  research  have  been  also  Included.  These  areas 
will  not  be  further  discussed  here,  except  for  the  brief  objectives  of 
the  studies  as  given  below: 

(1)  Determination  of  the  smallest  device  dimensions  for  which  the 
lateral  profile  measurement  technique  will  be  useful; 

(2)  Application  of  similar  test  structures  fbr  the  study  of  several 
other  two-dimensional  diffusion/oxidation  effects.  One  example 
Is  the  determination  of  Impurity  distributions  hear  the  locally 
oxidized  areas. 

Two  Lateral  Impurity  Profile  (LIP)  measurement  structures 
are  designed  with  several  modifications  of  device  geometries  from 
earlier  designs  In  order  to  accomodate  for  different  fabrication 
procedures.  The  first  LIP  device  (name  It  as  LIP-1)  Is  very  similar 
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to  the  original  structure  of  the  CMOS  counterpart.  Photoresist  stripes 
define  the  area  for  p-type  Implantation  and  a  drive-in  nitrogen  ambient 
Mill  result  In  lateral  as  well  as  vertical  diffusion  of  Implanted  atoms. 
A  gate  oxide  Is  then  grown  followed  by  n+  source  and  drain  diffusion. 
Aluminum  gates  are  used  for  these  devices.  Due  to  the  great  similarity 
In  design  with  the  previous  devices,  this  structure  Is  virtually  fall- 
safe.  However,  the  laterally  diffused  regions  do  not  exactly  correspond 
to  the  DMOS  channel  region,  since  the  p-lmplant  for  DMOS  Is  self-aligned 
to  the  poly-silicon  gate. 

A  second  LIP  device  (LIP-2)  Is  designed  so  that  the  laterally 
diffused  profile  experience  similar  processing  conditions  with  DMOS 
channel  profiles  as  much  as  possible.  The  cross-section  of  a  basic 
LIP-2  device  as  well  as  that  of  an  n-channel  poly-silicon  gate  DMOS 
device  Is  shown  In  Figure  4.6.40.  To  prevent  stray  conduction  at  the 
edges  of  the  LIP-2  device,  a  channel  stop  Implant  Is  performed  which 
Is  also  self-aligned  to  the  poly-silicon  gate  edge.  Compared  to  LIP-1 
device,  LIP-2  has  the  advantage  of  having  a  laterally  diffused  region 
which  follows  as  close  as  possible  to  the  real  DMOS  channel  profile. 

This  advantage  comes  at  the  cost  of  an  extra  processing  step  (channel 
stop  Implantation).  It  Is  expected,  however,  that  under  proper  fabri¬ 
cation  conditions  both  LIP-1  and  LIP-2  should  provide  similar  lateral 
profile  Information.  For  both  LIP  devices,  the  actual  layout  utilizes 
the  parallel  connection  of  32  Identical  elements  In  order  to  minimize 
the  measurement  fluctuations  and  edge  effects.  The  layout  of  LIP-2 
device  Is  shown  In  Figure  4.6.41. 
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4.6.3  Fabrication 

LIP  devices  have  been  fabricated  with  a  modi fi ad  n-channel 
poly-silicon  gate  process  using  boron  ion-implanted  p-region  and 
phosphorus  diffused  source  and  drain.  The  p-region  is  implanted  through 

o  12 

an  oxide  of  1000  A  with  an  energy  of  60  kev  and  dose  of  4  to  8  x  10  / 
cm2  which  is  self-aligned  to  the  poly-silicon  gate.  A  drive-in  cycle 
in  a  nitrogen  ambient  is  made  for  95  min  at  1200  °C.  Phosphorus  source/ 
drain  diffusion  and  boron  channel  stop  implantation  is  followed.  Since 
the  p+  channel  stop  defines  the  width  of  the  LIP-2  devices  which  should 
not  perturb  the  laterally  diffused  p-region,  the  channel  stop  implanta¬ 
tion  is  performed  after  all  the  major  heat  cycles.  It  is  expected  that 
the  lateral  encroachment  of  the  channel  stop  implants  during  any  subse¬ 
quent  heat  cycles  should  be  on  the  order  of  the  lateral  diffusion  of 
n+  source  diffusion  for  the  DflOS  devices,  so  that  no  useful  information 
will  be  lost.  Annealing  of  the  channel  stop  implantation  and  diffusion 
of  the  source/drain  is  accomplished  in  a  single  low  temperature  oxida¬ 
tion  step.  The  gate  oxide  of  the  LIP-1  device  is  also  grown  in  this 
step. 

4.6.4  Measurement 

A  desktop  calculator  measurement  systems  [4.  40]  has  been 
used  to  obtain  the  electrical  characteristics  of  the  test  devices. 

Surface  profiles  measured  from  LIP  devices  are  shown  in  Figure  4.6.42. 

The  apparently  steeper  measured  profile  of  the  LIP-1  device  compared 
to  the  theoretical  profile  of  equation  (4.6.64)  is  due  to  the  mobility 
effect  described  in  the  previous  subsection.  This  measurement  again 
confirms  the  validity  of  the  two-dimensional  diffusion  model  [4.35,  4.38] 
Measured  profile  from  LIP-2  device  shown  in  the  second  figure  agrees 
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closely  to  the  theoretical  model  as  well  as  the  corresponding  regions 
of  the  LIP-1  device.  It  Is  Interesting  to  note  that  the  channel  profile 
for  CMOS  devices  can  be  well  approximated  by  an  exponential  function 
(which  will  be  a  straight  line  In  Figure  4.6.42(b)).  This  approximation 
allows  the  derivation  of  simple  but  accurate  analytic  expressions  for 
threshold  voltage  and  drain  current  which  for  the  first  time  Incorporate 
nonuniform  profile  and  two-dimensional  field  effects  [4.41 3 .  The  analy¬ 
tic  results  compare  favorably  with  two-dimensional  simulations. 
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Fig. 4. 6. 34.  (a)n-channel  MOSFET  with  nonuniform  doping  across  the 
width  of  the  channel (x-direction) .  (b)surface  impurity 
concentration  in  x-direction.  (c)Threchold  VT  in  x- 
direction.  * 
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Fig.  4.6.35.  MOS  structure  for  current  calculations  for 
coses  A,  ft  and  C. 
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symbol  plot  :  calculated  profile 
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Fig.4.6.38  Inversion  Carrier  concentration  at  several 
gate  potentials  calculated  by  a  numerical 
two-dimensional  device  simulation  program. 


Fig.  4.6.391*0  successive  approximations  for  the  channel  nobility 
across  the  device  width,  »'  j  C * )  - 


The  electrical  channel  direction(source  to  drain)  is  indicated  by  arrows. 


Measured  BIOS  Channel  profiles  from  LIP  Devices.  Symbol  plots  are  measured 
data  and  solid  plots  are  theoretical  profiles. 
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LATCH-UP  IN  CMOS  INTEGRATED  CIRCUITS 
D.  B.  Estrelch 


In  a  previous  report  [4.1  ]  the  physics  of  latch-up  In  CMOS  Inte¬ 
grated  circuits  was  described.  Recent  results  of  this  CMOS  latch-up 
research  Is  described  below. 

A  new  test  mask  set  has  been  designed  and  fabricated  to  give 
additional  Insight  Into  latch-up  physics.  This  mask  set  has  been 
completed  In  conjunction  with  Sandla  Laboratories,  Albuquerque,  New 
Mexico  [4.42].  The  LURIC  test  mask  -  Latch-up  and  Radiation  Integrated 
Circuit  -  was  designed  to  Investigate  CMOS  latching  and  radiation 
effects.  More  specifically,  LURIC  was  Intended  to  (a)  provide  Infor¬ 
mation  on  the  physics  of  CMOS  latch-up,  (b)  study  the  layout  dependence 
of  such  parasitic  pnpn  paths,  and  (c)  provide  controlled  latch-up  test 
structures  for  the  development  and  verification  of  latch-up  models. 

Many  of  the  devices  and  test  patterns  on  LURIC  are  also  well  suited  for 
radiation  effects  studies. 

The  LURIC  mask  set  contains  eighty-six  devices  and  related  test 
structures.  A  twelve  layer  mask  set  allows  both  metal  gate  and  silicon 
gates  CMOS  test  cells  to  be  fabricated.  Six  categories  of  test  devices 
and  related  test  structures  are  Included.  There  are  (a)  the  RCA  CD  4007A 
mfital  gate  dual  complementary  pair  plus  Inverter  IC  with  auxiliary  test 
cells  (often  used  for  latch-up  study),  (b)  the  Sandla  Laboratories 
extended  linear  array  CMOS  high-density  layout  cells,  (c)  field-aided 
lateral  pnp  test  transistors,  (d)  p-well  sheet  resistance  and  substrate 
spreading  resistance  test  patterns,  (e)  symmetrical  latch-up  path  test 


test  structures  (for  study  of  dimensional  Influence  on  latch-up  thres¬ 
holds),  and  (f)  support  test  patterns  (e.g.,  MOS  capacitors,  p+n  leakage 
dloues,  MOS  monitor  transistors,  van  der  Pauw  and  Kelvin  contact  resistance 
test  patterns,  etc.).  A  standard  probe  pattern  array  has  been  used  on 
all  twenty-four  subchips  for  testing  convenience. 

Fig.  4.7.43  shows  all  twenty-four  subchips  of  the  LURIC  mask  set. 

Ten  field-aided  lateral  pnp  test  transistors  are  Included  on  LURIC. 

As  previously  discussed  [4.  1  ],  field-aiding  can  greatly  Increase  the 
current  gain  of  the  parasitic  lateral  pnp  In  a  CMOS  latch-up  path.  For 
this  reason,  It  Is  Important  to  have  a  theory  to  predict  the  current  gain 
enhancement  from  field-aiding  when  modeling  a  pnpn  latch-up  path.  Fig.  4. 
7.44  shows  the  surface  layout  of  the  lateral  pnp  transistors  as  Included 
on  LURIC.  Note  that  separate  substrate  bars  are  used  to  control  the 
aiding  field  from  emltter-to-collector. 

Fig. 4. 7. 45  shows  a  cross-section  of  lateral  pnp  as  It  often  occurs 
In  CMOS  layouts.  To  model  the  field-aided  lateral  pnp  transistor,  two 
major  current  components  are  shown:  a  lateral  current  component 
and  vertical  (downward)  current  component  Jv.  The  component  Is  In 
the  proper  direction  to  experience  field-aiding  or  drift  enhanced 
transport.  The  electric  field  E  therefore  Improves  the  lateral  transport 
efficiency  of  the  lateral  current  J$.  In  addition,  the  presence  of  the 
electric  field  means  that  there  Is  lateral  debiasing  of  the  emitter 
junction  such  as  to  concentrate  the  minority  carrier  Injection  Into  the 
base  at  the  emitter  edge  closest  to  the  collector  of  the  pnp.  This 
reduces  the  current  component  Jv,  which  Is  a  loss  current  component  because 
it  completely  recombines  In  the  base  region.  Therefore,  the  existence 
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of  the  electric  field  will  Improve  or  Increase  the  current  gain  of  the 
parasitic  pnp.  Unfortunately,  for  latch-up  considerations  this  is 
undesirable  because  It  means  that  the  IC  will  be  more  susceptible  to 
latch-up  due  to  the  higher  lateral  pnp  current  gain. 

A  theory  has  been  developed  to  predict  the  pnp  current  gain  enhance¬ 
ment  with  aiding  field  strength.  In  addition  to  the  two  current 
components  listed  above,  both  the  emitter-base  depletion  layer  recombi¬ 
nation  and  surface  recombination  currents  are  Included  in  the  theory. 

Fig. 4. 7. 46  shows  the  behavior  of  the  lateral  pnp  current  gain  as  a 
function  of  the  base  width  to  diffusion  length  ratio  (Wb/Lb)  and  lateral 
electric  field  strength  (E).  In  Fig.  4.7.46  the  solid  lines  are  without 
depletion  layer  recombination,  whereas,  the  dashed  lines  shows  the  charac¬ 
teristics  with  depletion  layer  recombination  Included.  Two  features  are 
worthy  of  note:  (a)  the  lateral  pnp  has  low  current  gain  for  Wb/Lq  >  0.2, 
and  (b)  small  electric  field  strengths  produce  dramatic  increases  In  the 
current  gain.  The  field  strength  range  given  in  Fig. 4. 7.46  Is  represen¬ 
tative  of  the  fields  encountered  in  latch-up  conditions  for  CMOS  inte¬ 
grated  circuits.  This  deoendence  can  be  more  effectively  Interpreted  In 
the  plot  shown  In  Fig.  4.7.47.  Here  the  lateral  pnp  current  gain  Is 
normalized  to  the  zero  field  current  gain  and  plotted  as  a  function  of 
electric  field  strength  for  several  values  of  Wg/Lg  (Fig. 4. 4. 47  Includes 
depletion  layer  recombination}.  The  gain  enhancement  Is  greater  for 
longer  base  devices. 

Theory  Is  compared  to  experimental  data  In  Fig.  4.4.48.  Two  devices 
where  Ws/lg  Is  equal  to  1/2  and  1  are  represented  by  the  experimental 
points.  Excellent  agreement  Is  attained  for  lower  field  strengths. 


Neglect  of  the  charge  between  the  vertical  and  lateral  (horizontal) 
currents  or  charge  distributions  leads  to  the  discrepancy  at  higher 
fields. 


An  additional  aspect  of  this  work  has  produced  a  novel  way  to 
estimate  the  minority  carrier  diffusion  length  Lg  (and,  hence,  lifetime). 
The  current  gains  at  E=0  are  measured  cn  four  lateral  pnp  transistors 
of  differing  base  widths  (Wg).  The  theoretical  gain  expression  Is  then 
used  to  fit  these  gains  with  Lg  varied.  Fig  .  4.7.49  shows  typical  results 
where  base  widths  In  the  ratio  of  1:2:4:6  have  been  used. 

Neutron  irradiation  Is  sometimes  used  to  control  CMOS  latch-up  [4.43]. 
The  effect  of  neutron  1 'radiation  (Energy  >  10  KeV)  on  lateral  pnp  current 
gain  has  been  modeled.  The  lifetime  (x)  of  minority  carriers  varies  with 
neutron  fluence  4>  (neutrons/cm  )  as 
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(4.7.72) 


where  x. 


Tprerad 

is  the  mlnoritv  carrier  lifetime  before  irradiation  and 


prerad 

K  Is  the  empirically  dete.  -ined  damage  constant.  The  recombination 
rate  Is  expected  to  be  proportional  to  4>  because  the  number  of  Induced 
defects  Is  proportional  to  $  while  the  lifetime  is  known  to  be  inversely 
proportional  to  the  numter  of  recombination  defects.  With  this  relation¬ 
ship  between  x  and  $,  the  diffusion  length  (Lg)  in  the  base  of  the  pnp 
depends  upon  $  as 
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prerad 


(4.7.73) 


where  Dp  Is  the  diffusion  coefficient  and  Lpreraci  is  the  diffusion  length 
before  neutron  Irradiation.  The  depletion  layer  recombination  current. 


denoted  IRg,  Is  proportional  to 
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Width  Wj  Is  the  depletion  layer  width,  tsc  Is  the  lifetime  In  the  deple 
tlon  layer,  and  K$c  Is  the  effective  damage  constant  In  the  depletion 
layer;  again,  empirically  determined.  Taking  data  from  Sokol  and  Adams 
[4.44],  the  lateral  pnp  model  has  been  used  to  predict  the  decrease  In 
pnp  current  gain  as  a  function  of  neutron  fluence.  Typical  results 
are  shown  In  Fig.  4.7.50.  In  Fig.  4.7.50  the  pnp  current  gain  has 
been  normalized  to  the  preradiation  level  and  the  aiding  field  is  near 
zero.  Generally,  good  agreement  Is  obtained  for  predicting  radiation 
decreased  current  gain. 

In  summary,  recent  work  has  focused  on  modeling  the  wide-base, 
field-aided  lateral  pnp  transistor  which  forms  one  of  the  parasitic 
bipolar  transistors  In  CMOS  latch-up  paths.  It  has  been  shown  that 
small  electric  fields  greatly  enhance  the  pnp  current  gain.  Both  dep¬ 
letion  layer  and  base  surface  recombination  are  Included  in  the  model. 
Agreement  between  the  model  and  experimental  results  from  the  LURIC 
test  chip  have  been  demonstrated.  Finally,  the  lateral  pnp  model  has 
been  developed  to  Include  neutron  Irradiation  gain  degradation  effects. 

The  help  of  Or.  C.  W.  Gwyn,  and  Or.  A.  Ochoa,  Jr.  at  Sandla 
Laboratories  Is  gratefully  acknowledged. 
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Fig.  4.7.43.  Twenty-four  subchips  of  the  LURIC  test  mask  set  [4.42]. 
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Fig.  4.7.44.  Surface  layout  of  fleld-alded  lateral  pnp. 
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Fig.  4.7.46.  Computed  current  gain  versus  normalized  base  width  (Wb/Lr) 
with  electric  field  as  a  parameter.  The  dashed  curves  snow 
the  result  of  Including  depletion  region  combination  In  the 
computations. 


ELECTRIC  FIELD  STRENGTH  (V/cm) 


Fig.  4.7.47.  Computed  normalized  current  gain  [y(E)/8(0)]  versus  electric 
field  strength  with  normalized  base  width  (Wb/Lb)  as  a 
parameter. 
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Fig.  4.7.49.  Life-time  determination  based  on  fit  of  current  gain 
versus  normalized  base  width. 
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Kgc  =  10~U  cm2/s 


NEUTRON  FLUENCE  (n/cm2) 


4.7.50.  Normalized  current  gain  versus  neutron  fluence 
both  experimental  and  model  results. 
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4.8  A  CHARGE  ORIENTED  MOS  CAPACITANCE  MODEL 

D.  Hard 

The  principles  of  a  new  MOS  transistor  capacitance  model  have 
been  set  forth  In  reference  [4.45  ].  The  modeling  approach  will  be 
briefly  outlined  here  and  compared  with  the  conventional  approach. 
Several  unique  consequences  of  the  model  are  discussed. 

Both  the  charge-oriented  and  conventional  models  are  based 
on  the  equation 


dQ, 


JG 

dt 


(4.8.75) 


where  1Q  Is  the  transient  gate  current  and  Qq  Is  the  charge  on  the  gate 
electrode.  Although  gate  capacitances  are  discussed  here,  the  equations 
(with  suitably  modified  subscripts)  and  discussion  apply  to  all  four 
terminals  of  the  transistor.  Both  models  invoke  the  quasi-static 
approximation  by  assuming  that  the  charge  Qg  is  a  function  of  the 
Instantaneous  values  of  the  terminal  voltages.  The  conventional  model 
rewrites  the  right-hand  side  of  (4.8.75)  as 


!S.c 

dt  GD 


d<VV 


dt 


+  C, 


d(VG-V$)  d (VC-VD) 


where 
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'GS 


GS 

3VC 


1 r  Wn/ 

(4-8-76> 


3Qr 


CGB  5  "  3VJ 


This  suggests  that  the  gate  current  Is  the  sum  of  the  currents  through 
three  capacitors.  Each  component  of  current  Is  given  by 


1  -  C^ 
1  c  dt 


(4.8.77) 
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A  circuit  simulation  program  Integrates  this  expression  over  one  time- 
step,  to  give 


/I 

/  1  dt  -  C  (vrv0) 


(4.8.78) 


to 


where  C  Is  the  capacitance  averaged  between  the  voltages  VQ  and 
at  times  tQ  and  t.j  respectively.  C  Is  unknown  and  must  be  approximated. 
This  approximation  can  lead  to  numerical  errors  (non-conservation  of 
charge),  slow  convergence  to  solution,  and  nimerlcal  Instability.  In 
addition,  all  other  capacitive  currents  are  usually  obtained  from  the 
three  capacitors  derived  from  the  gate  charage.  This  Implies  a  recipro¬ 


city  which  does  not  exist  e.g.  that 


/dVB  .  a 

y  dt  "  y  dt 


and  omits  capacitive 


effects  between  bulk  and  drain,  bulk  and  source,  and  drain  and  source. 

The  charge-oriented  model  works  directly  with  equation  (4.8.75). 
This  Is  Integrated  by  the  circuit  simulation  to  give 


I  V*  ■  V  "so  <4-8-791 

to 

The  right-hand  side  Is  evaluated  by  linearizing  Qfi1  about  the  operating 
point  obtained  from  the  most  recent  Iteration.  Thus  at  convergence  the 
right-hand-side  of  (4.8.79)  Is  given  exactly  while  the  right-hand-side 
of  (4.8.78)  contains  the  unknown  C.  Equations  analogous  to  (4.8.75)  and 
(4.8.79)  may  be  written  for  each  of  the  other  terminals.  The  calculation 
of  charge  directly  from  the  terminal  voltages  Insures  that  charge  Is 
conserved,  while  the  complete  linearization  of  (4.8.79)  provides  for 
maaerlcal  speed  and  stability. 
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This  model  displays  the  other  features  not  found  in  the 
conventional  model.  Firstly,  capacitive  effects  are  defined  between 
every  pair  of  terminals.  Thus  bulk-drain,  bulk-source,  and  drain- 
source  effects  are  modeled.  Secondly,  the  relationship  between  each 
pair  of  terminals  may  be  non-reciprocal.  Thus,  for  example. 


avD  *  3Vg  - 


DG 


(4.8.80) 


implies  that  the  effect  of  the  drain  voltage  on  the  gate  current  is 
not  the  same  as  the  effect  of  the  gate  voltage  on  the  drain  current. 

This  Is  Illustrated  in  Figure  4.8.51.  (CpG  and  CGD  may  be  viewed  a 
capacitive  transconductance  and  reverse  transconductance ,  respectively, 
or  CGD  may  be  viewed  as  a  conventional  two-terminal  capacitance  and 

CDG~  CGD  3S  3  caPaclt’ve  transconductance.) 

The  charge-oriented  model  requires  that  a  charge  obeying 
(4.8.75)  be  associated  with  each  electrode  and  that  these  charges  are 
determined  by  the  instantaneous  terminal  voltages.  The  second  require¬ 
ment  is  satisfied  if  the  quasi-static  approximation  is  assumed.  The 
first  requirement  is  easily  met  for  the  gate  and  bulk,  as  the  charges 
associated  with  these  electrodes  are  electrically  isolated  from  the 
other  terminals.  The  drain  and  source  charges,  however,  join  to  form 
the  channel  and  thus  are  not  readily  identified  physically.  These 
charges  may  be  found  by  calculating  the  transient  drain  and  source  currents 
and  integrating.  The  accuracy  of  the  model  depends  on  the  assumptions 
made  in  finding  the  charges  and  In  the  validity  of  the  quasi-static 
approximation.  For  implementation  into  a  circuit  simulator,  the  following 
aproximations  were  made: 

(1)  gradual  channel  (one  dimensional)  approximation 
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(2)  depletion  approximation 

(3)  strong  inversion  approximation 

(4)  conduction  by  drift  only 

(5)  saturation  occurs  by  pinch-off  of  the  channel;  no  channel- 
length  modulation  effects  included 

Unless  otherwise  noted,  model  results  presented  here  are  based  on  these 
approximations. 

4.8.1  Capacitance  Measurements 

Measurements  have  been  made  to  verify  features  of  the  capacitance 

model,  particularly  the  predictions  of  non-reciprocity.  Measurement 

equipment  and  techniques  will  be  briefly  described.  Measured  data  will 

then  be  presented  and  compared  with  model  predictions. 

Capacitance  measurements  were  made  with  a  Hewlett-Packard  4271 B 

LCR  meter.  This  instrument  applies  a  1  MHz  signal  at  20  mV  rms  to  the 

"high"  test  leads  and  in  effect  measures  the  magnitude  and  phase  of 

the  1  MHz  current  at  the  "low"  test  leads.  Thus,  to  measure  C6Q  the 

"hign"  test  leads  are  connected  to  the  drain  of  the  device  while  the 

"low"  test  leads  are  connected  to  the  gate.  The  test  leads  are  reversed 

to  measure  C__.  Transistor  bias  is  provided  by  three  HP-61 31 C  digital 
Du 

voltage  sources.  All  instruments  are  under  programmed  control  of  an 
HP-9845  desktop  computer. 

Measurements  were  made  on  a  large  (300  x  300  vim )  device  made 
with  a  silicon-gate  NM0S  process.  A  threshold-tailoring  implant 
resulted  in  a  non-unifonr  bulk  doping.  An  average  bulk  doping  value 
(extracted  from  measured  I-V  data)  was  used  in  the  model. 
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Measured  plots  of  CQD  and  CQS  vs.  VQ  are  compared  with  theore¬ 
tical  curves  In  Figure  4  8.51,  Note  that  whereas  CQD  Is  zero  In 
saturation  as  predicted  by  conventional  theory,  CQG  Is  not.  It  Is  seen 
that  the  charge-oriented  model  for  capacitance  Is  In  good  agreement  for 
larger  gate  voltages.  The  rounding  of  the  measured  characteristics  at 
low  gate  voltages  Is  due  to  failure  of  the  quasi-static  approximation 
for  the  long  device  at  the  1  MHz  measurement  frequencies. 

4.8.2  Device  Analysis  Using  CADOET 

Two-dimensional  numerical  device  analysis  has  become  an 
Invaluable  tool  for  model  development.  Such  an  analysis  tool  can  be 
used  to  probe  the  physics  of  device  operation;  to  Isolate  the  effects 
of  various  physical  phenomena  (e.g.  velocity  saturation);  and  to  evaluate 
and/or  model  new  devices  and  processes. 

We  have  used  two-dimensional  numerical  device  analysis  to 
obtain  the  charges  required  by  the  capacitance  model.  The  device  analy¬ 
sis  program  (CADDET)  will  be  briefly  described  and  some  of  the  results 
will  be  discussed.  The  charge  distributions  In  a  short-channel  device 
will  then  be  considered. 

The  CADDET  (for  Computer-Aided  Device  DEsIgn  In  Two  dimensions) 
program,  developed  at  Hitachi,  performs  a  two-dimensional,  steady-state, 
numerical  device  analysis  using  the  stream  function  method  described 
by  Mock  [4.46  ].  The  program  can  be  used  to  find  values  of  gate,  bulk, 
and  channel  charges  which  are  not  subject  to  the  approximations  listed 
above.  The  principle  theoretical  limitations  are  the  use  of  Boltzmann 
statistics  and  restriction  to  steady-state  conditions,  while  the  prin¬ 
ciple  practical  limitations  are  the  numerical  accuracy  and  required 
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computation  time,  The  method  for  deriving  source  and.draln  charges 

from  two-dimensional  steady-state  analysts  has  not  yet  been  developed. 

Although  the  model  presented  here  uses  the  charges  In  a 

device.  Its  consequences  are  more  easily  understood  by  considering 

the  associated  capacitances.  In  addition,  the  capacitances  are  a  more 

sensitive  Indicator  of  model  accuracy  than  are  the  charges  (see  Figure 

4.8.52).  The  computation  of  capacitances  by  CADDET,  however.  Is  done 

by  numerical  differencing,  and  thus  requires  greater  solution  accuracy. 

Comparisons  were  made  between  CADDET  calculations  and  the 

analytic  model  applied  to  a  hypothetical  device  having  lengths  of  7-9 

15  -3 

microns,  deep  junctions,  a  substrate  doping  of  5  x  10  cm  ,  and  an 

oxide  thickness  of  1000  A.  Typical  DC  characteristics  are  shown  In 

Figure  4.8.53.  The  main  differences  between  the  CADDET  and  analytic 

kT 

models  Is  the  curvature  near  threshold  and  the  difference  (-  5  — ) 

In  threshold  voltages.  These  are  to  be  expected  from  the  depletion  and 
strong-inversion  approximations  used  In  the  analytic  model.  Typical 
capacitance  characteristics  are  shown  In  Figure  4.8.54.  Again  the 
numerical  solutions  show  smoother  transitions  between  cutoff  and  satu¬ 
ration  and  between  saturation  and  linear  regions. 

Also  shown  In  Figures  4.8.53  and  4.8.54  are  results  obtained 
using  a  simplified  Pao  and  Sah  model  which  does  not  use  the  depletion, 
strong  Inversion,  or  drift  approximations  at  tha  source  end  of  the  device. 
It  Is  seen  that  this  model  Is  In  much  batter  agreement  with  CADDET  for 
gate  voltages  near  threshold. 

It  was  noted  that  for  gate  voltages  below  threshold,  the  values 
of  CgB  predicted  by  CADDET  are  consistently  lower  than  those  derived 
from  the  analytic  models.  The  difference  between  the  two  models  arises 
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from  the  two-dimensional  distribution  of  charge  In  the  corner  regions 
of  the  device,  at  the  source  and  drain  Junctions  near  the  surface. 

Analysis  of  these  regions  using  CADDET  has  led  to  the  development  of  a 
capacitance  model  for  short  devices. 

For  long  devices  the  charge  In  the  device  Is  taken  as  the  sum 
of  the  net  charges  from  the  three  Idealized  case  of  Figure  4.8.55.  Thus 
the  gate  and  oxide  on  depleted  bulk  material,  p-n  junction,  and  gate 
and  oxide  on  accumulated  source/drain  are  treated  as  non-interacting  one- 
dimensional  structures.  This  approximation  Is  valid  for  long  devices, 

In  which  the  charge  In  the  corner  regions  Is  negligible  compared  to  the 
charge  In  the  rest  of  the  device.  For  short  devices  the  corner  charge 
must  be  considered.  The  superposition  of  these  three  cases  results  In 
a  charge  distribution  which  is  adequate  for  modeling  long  devices  but 
is  In  considerable  error  In  the  corner  regions.  Figure  4.8.56  Illus¬ 
trates  the  actual  distribution  In  these  regions  as  calculated  using 
CADDET.  Four  places  where  the  long-channel  approximation  Is  in  error 
are  Indicated.  The  largest  error  Is  due  to  the  overlap  of  the  channel 
and  junction  depletion  regl  ns.  ((T)ln  Figure  4.8.56).  In  the  example 
shown,  the  charge  given  by  the  long-channel  approximation  differs  from 
the  computed  charge  by  -1.2  pIco  Coulombs.  Most  of  this  Is  compensated 
by  an  Increased  accumulation  of  electrons  at  the  surface  near  the  junc¬ 
tion  ((3)  In  figure),  an  error  of  0.9  pc.  The  other  two  error  terms  are 
Indicated  by  (?)  ard  ©In  the  figure.  The  term  (?)  consists  of  the 
rounding  of  the  depletion  region  near  the  junction  and  Is  small  compared 
to  term  (T)  (AQ2  •  0.2  pC).  Term  (4)  consists  of  an  added  gate  charge. 
While  It  Is  small  for  the  case  considered  here  (AQ4  *  .1  pC),  It  Is  larger 


for  smaller  gate  voltages, 

Incorporation  of  these  terms  Into  the  charge  equations  produces 

a  capacitance  mod*l  for  short-channel  devices.  Terms  (D  and  (f)  are 

added  as  corrections  to  the  bulk  charge  while  terms  (D  and  ©  modify 

the  source/drain  and  gate  charges,  respectively.  Approximations  to 

these  charges  have  been  developed  which  account  nicely  for  the  error  In 

C  below  threshold  although  only  term  one  has  been  accurately  modeled. 

6B 

4.8.3  Discussion  and  Conclusions 

It  has  baen  shown  that  an  approach  based  directly  on  the  charge 

distributions  within  a  device  can  provide  mire  complete  modeling  of 
capacitive  effects  with  Improved  numerical  accuracy.  Measurements  have 

confirmed  the  predictions  of  the  model. 

An  Important  new  tool  Is  the  two-dimensional  numerical  device 
analysis  program.  This  tool  allows  the  model  developer  to  study  the 
physics  of  a  two-dimensional  structure  and  to  gain  Insight  unobtainable 
by  analytical  or  experimental  means.  We  have  shown  how  such  a  program 
(CADDET)  has  been  used  to  evaluate  on  analytical  model  and  to  develop  a 
model  for  the  charge  distributions  In  the  ccrner  regions  of  a  short- 


channel  device. 


CAD  MODEL 
CADDET 


Fig.  4.8.53.  Typical  DC  characteristics  from  numerical  and 
analytical  models. 


P-N  JUNCTION 


i 

Fig.  4.8.55.  Approximation  of  charge  in  corner  region. 


Fig.  4.8.56.  Charge  errors  associated  with 
corner  region  approximation. 
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4.9  DC  STATISTICAL  CIRCUIT  ANALYSIS  FOR  BIPOLAR  IC'S  USING 
PARAMETER  CORRELATIONS  —  AN  EXPERIMENTAL  EXAMPLE 

D.  Dlvekar,  W.  J.  McCalla 


4.9.1  Introduction 

The  designers  of  integrated  circuits  have  a  wide  latitude  of 
control  over  the  details  of  the  process  used  in  fabrication,  ranging 
over  such  parameters  as  layout,  mask-generation,  impurity  diffusion 
and  metallization.  The  problem  is  to  control  the  processing  to  achieve 
a  circuit  behavior  specified  by  the  role  the  circuit  has  to  play  in  the 
operation  of  the  overall  system.  In  a  practical  fabrication  procedure, 
there  will  be  perturbations  in  different  processing  steps.  This  re¬ 
sults  in  variations  in  terminal  behavior  of  the  devices  which  in  turn 
is  reflected  as  a  spread  in  the  circuit  performance.  To  avoid  the 
enormous  cort  of  trial -and-error,  the  spread  in  circuit  behavior  must 
be  calculable  from  the  perturbations  in  the  terminal  behavior  of  de¬ 
vices  comprising  the  circuit.  This  can  be  achieved  by  the  use  of 
statistical  circuit  simulation. 

The  purpose  is  to  simulate  the  selection  of  many  sample  cir¬ 
cuits  and  tabulate  the  results,  which  are  expected  to  correspond  to 
the  results  which  would  be  obtained  from  testing  many  physical  samples. 
The  statistical  circuit  simulator  takes  the  circuit  description  and 
element  distributions  as  input  parameters  and  produces  circuit  per¬ 
formance  as  the  output.  A  statistical  circuit  simulation  program 
has  been  developed  to  predict  the  effect  of  component  variations  on 
network  performance.  The  program  was  designed  for  operation  on 
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the  Hewlett-Packard  2100  series  mini -computers  with  3"K  words  of  mem¬ 
ory  although  the  program  can  be  used  on  other  computing  facilities 
with  little  difficulty.  The  program  is  written  in  HP  Fortran  IV. 

Some  of  the  important  features  of  the  program  are  described  here. 

More  details  are  discussed  elsewhere  [4.47,  4.48], 

Terminal  behavior  of  devices  is  described  to  the  simulation  program 
in  terms  of  model  parameters.  The  problem  to  be  faced  is  how  to  simulate 
the  variations  in  model  parameters  takinq  into  account  their  inter¬ 
relationships.  To  study  this  dependence,  a  sample  of  devices  is  first 
characterized  in  terms  of  their  model  parameters.  A  statistical  data 
reduction  technique  is  then  used  to  identify  a  few  key  independent 
parameters.  The  results  of  this  model  reduction  are  verified  using  the 
statistical  simulation  program.  The  performance  of  an  emitter-coupled 
logic  gate  is  simulated.  These  simulated  results  are  compared  with 
the  measurements  made  on  a  sample  of  test  die  for  this  circuit.  It  is 
shown  that  favorable  agreement  can  be  obtained  between  measured  and 
simulated  results  if  model  parameter  correlations  are  taken  into  account 
using  techniques  to  be  described  later  [4.49  ]. 

4.9.2  Monte  Carlo  Technique 

The  simulation  program  uses  the  Monte  Carlo  Method'  [4.50]  for 
statistical  analysis.  This  method  computes  the  probability  distribution 
of  circuit  performance  quantities  from  known  probability  distributions 
of  input  parameters.  Circuit  analysis  provides  the  simulated  functional 
relationship  between  the  input  element  values  and  output  circuit  perform¬ 
ance.  The  procedure  is  to  analyze  the  circuit  many  times,  each  time  letting 
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the  circuit  elements  assume  random  values  according  to  their  prescribed 
distributions.  Figure  4.9.57  shows  the  flow  chart  of  this  method. 

An  advantage  of  this  technique  is  that  detailed  distribution  of 
the  circuit  performance  quantities  can  be  obtained.  Another  advantage 
Is  that  the  Monte  Carlo  method  makes  no  assumption  concerning  the  dis¬ 
tribution  shapes  themselves  or  the  linearity  of  the  input-output 
functional  relations.  It  does,  however,  assume  that  all  input  parameters 
are  statistically  independent.  Correlations  which  exist  between  circuit 
elements,  resulting  from  the  manufacturing  process,  can  be  explicitly 
accounted  for  by  entering  these  correlations  or  tracking  relationships  [4.51] 
into  the  random  selection  process,  as  explained  later.  The  Monte  Carlo 
technique  is  also  easy  to  implement  in  a  circuit  simulation  program. 

The  method  Involves  two  basic  steps,  simulating  the  circuit  per¬ 
formance  and  generating  random  element  values. 

Simulating  Circuit  Performance  -  One  of  the  steps  in  statistical  analysis 
is  to  simulate  the  circuit  performance.  This  provides  the  functional 
relationship  between  the  input  parameters  and  output  performance  for  the 
statistical  analysis.  The  circuit  simulator  mini-MSINC  [4.52,4.53]  is  used 
for  this  purpose.  Mini-MSINC  is  a  program  capable  of  performing  non¬ 
linear  dc  and  time-response  simulations  of  electronic  circuits.  The 
program  uses  a  linked  list  structure  for  efficient  allocation  of  memory. 
Nodal  analysis  [4.51]  is  used  to  compute  circuit  performance.  The  non-linear 
equations  are  solved  with  a  modified  Newton-Raphson  method  and  sparse 
matrix  techniques  are  employed  to  minimize  storage  requirements  [4.51  ]. 
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The  program  mini-MSINC  can  handle  linear  resistors,  capacitors  and 
Inductors  as  well  as  diodes  and  MOS  transistors.  The  modified  Gummel- 
Poon  model [4.  54]  Is  Implemented  In  the  program  to  enable  analysis  of 
circuits  containing  bipolar  junction  transistors.  Thus  statistical  ana¬ 
lysis  can  be  performed  for  circuits  consisting  of  both  MOS  and  bipolar 
transistors  using  the  built-in  models. 

Random  Number  Generation  -  Random  numbers  are  used  to  simulate  stochastic 
phenomena  and  are  produced  using  the  arithmetic  operations  of  a  computer. 
Sequences  generated  In  a  deterministic  way  such  as  this  are  usually  called 
pseudo-random  or  quasi -random  sequences  [4.55,4.56].  These  sequences  do 
possess  the  essential  character! stltcs  of  a  truly  random  sequence  In  the 
context  of  their  particular  application. 

The  main  aim  Is  to  obtain  sequences  which  behave  as  If  they  are 
random.  Theory  of  statistics  provides  some  quantitative  measure  of 
randomness.  These  tests  can  be  divided  into  two  groups:  empirical 
tests,  for  which  the  computer  manipulates  groups  of  numbers  from  the 
sequence  and  evaluates  certain  statistics;  and  theoretical  tests,  for 
which  the  characteristics  of  the  sequence  are  established  by  using  number 
theoretical  methods  [4.  55].  Since  the  random  number  sequence  Is  the  heart 
of  element  generation,  It  is  important  to  test  its  randomness.  The 
random  number  generator  used  in  the  program  Is  tested  by  ^plying  over 
fifteen  tests  of  randomness  [455,4.56  ]. 

Circuit  Description  for  Statistical  Analysis  -  In  order  to  provide  a 
complete  statistical  description  of  electronic  circuit  elements  used  in 
Integrated  as  well  as  discrete  circuit  designs,  three  fundamental  capabi¬ 
lities  must  exist  within  a  program  [4.51  ].  First  Is  the  ability  to  describe 
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probability  distribution  for  statistically  varying  Input  quantities. 

Second  Is  the  ability  to  generate  variables  which  track  each  other. 

Finally  the  prograa  should  be  able  to  override  the  randomness  of  variables 
In  such  a  way  as  to  simulate  their  Interrelationships.  The  distinction 
Is  made  here  between  tracking  of  the  sane  parameter  In  different  devices 
and  correlations  among  different  parameters  within  the  sane  device. 

The  Input  language  is  designed  In  such  a  way  that  If  a  circuit  des~ 
crlptlon  for  analysis  using  mlnl-MSlNC  exists,  then  It  can  be  used 
without  any  changes  for  performing  statistical  simulation  of  that  circuit. 

The  statistical  description  can  simply  he  appended  to  the  original 

* 

description.  On  tf j  other  hand.  If  an  Input  Is  being  prepared  for  the 
first  time,  the  statistical  description  can  be  Incorporated  very 
easily. 

Shapes  of  statistical  distributions  of  circuit  elements  or  model 
parameters  can  be  described  In  two  ways.  One  of  the  standard  distribu¬ 
tions  provided  by  the  program  can  be  used  and  Its  shape  can  be  modified 
by  specifying  appropriate  scale  factors.  The  second  way  Is  to  enter  the 
distribution  In  the  form  of  a  table.  Both  discrete  and  continuous  tables 
can  be  entered  specifying  either  the  probability  density  function  or 
cumulative  distribution  function. 

Tracking,  In  the  present  context,  means  the  degree  of  matching 
between  elements  or  model  parameters  within  different  circuits  and 
devices.  For  example,  the  resistors  on  a  single  die  of  an  Integrated 
circuit  will  track  each  other.  The  tracking  Is  specified  In  terms  of 
a  pivot  element  which  Is  used  as  the  Independent  variable  and  a  tracking 
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coefficient.  In  Integrated  circuit  technology  aore  then  one  level  of 
tracking  can  exist.  For  Instance,  the  devices  on  a  single  die  track 
each  other.  Also  devices  on  different  dice  on  a  wafer  track  each  other. 
Therefore,  three  levels  of  tracking  are  provided  for  In  the  prograw. 

Correlation  represents  the  interrelationships  between  various  nodal 
paraaeters  of  the  sane  device.  These  relationships  can  be  entered  using 
the  equation  specification.  Equations  can  be  specified  In  the  fbra  of 
FORTRAN- like  expressions  and  once  specified,  they  can  be  used  repeatedly 
by  passing  desired  paraaeters.  In  addition,  certain  paraaeters  can  be 
defined  which  are  not  a  part  of  the  circuit.  These  peraaeters  can  be 
used  to  slaulate  complex  Interrelationships  between  various  device 
paraaeters . 

Statistical  Outputs  -  The  prograa  provides  statistical  Information 
about  the  circuit  perfornance.  Envelope  plots  are  provided  In  terns  of 
alnlaua  and  aaxlaun  values  as  a  function  of  tine  with  the  aaan  value 
running  In  between.  The  envelope  plots  can  be  saapled  at  the  tlae  points 
of  Interest  to  get  aore  detailed  Information  In  the  fOra  of  histogram. 

The  hlstograa  Is  a  plot  of  the  number  of  statistical  cases  which  fill 
Into  each  class  Interval  versus  the  rvnge  of  values  of  the  output  verfa- 
ble.  Histograms  of  cl rcul *  elements  as  wall  as  model  paraaeters  can 
also  be  plotted.  A  scattargraa  Is  a  pa  ram  trie  plot  which  plots  one 
output  variable  against  another  with  the  statistical  cases  as  the  para¬ 
meter  of  the  plot.  These  can  provide  Information  about  the  relationships 
between  various  output  quantities  and  circuit  elements  or  model  parameters. 
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The  simulation  program  Is  used  In  conjunction  with  a  simple  circuit 
to  Illustrate  tha  procedum  of  statistical  circuit  analysis.  Tha  circuit 
us  ad  Is  a  low  power  version  of  an  an  Itter -coupled  logic  gate  with  a  single 
Input  [4.  87].  Figure  4.9.88  shows  the  circuit  dlagrm  alongulth  the 
conponent  and  power  supply  values.  The  circuit  Is  designed  to  operate 
between  the  logic  levels  of  0  V  and  -200  a V  at  an  operating  current  of 
2  pA.  The  output  voltage  and  tha  Input  current  when  the  Input  Is  0  V 
are  the  performance  quantities  cf  Interest.  The  transistors  and  resistors 
available  on  the  K1TCH1P  are  used  far  this  study.  The  K1TCMIP  Is  a 
aonollthlc  array  of  bipolar  transistors*  resistors  and  other  conponents 
which  can  be  Interconnected  to  fora  a  desired  circuit  by  using  a  single 

■etal  aask  [4.  88].  Fig.  4.9.10  shows  the  photograph  of  a  KITCHIP  die  with 
the  aetal  aask  used  for  this  study.  Fifty  dice  are  selected  froa  a  KITCHIP 

wafer  and  two  npn  transistors  and  three  epitaxial  resistors  froa  each 
die  are  used  to  fora  the  ealtter-coupled  gate.  The  output  voltage  and 
Input  current  are  measured.  The  results  of  measurements  on  thg  sample 
of  50  circuits  are  summarized  below. 


Min. 

Mix. 

Mean 

Std.  Dev. 

(mV) 

-264.4 

-192.2 

-237 

17.184 

(r.A) 

8.8 

90.14 

24.6 

18.12 

Model  Reduction  ~  To  analyze  the  circuit  using  the  simulation  program* 
It  Is  necessary  to  describe  tha  terminal  behavior  of  active  devices  In 
terms  of  their  model  parameters.  In  statistical  simulation*  device 
behavior  over  a  wide  range  of  operating  currents  and  voltages  Is  to  be 
predicted.  The  simplified  Gummel-Poon  model  [4.  84]  achieves  this  purpose 
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without  us  Ins  an  txcosslvoly  large  mater  of  pir— start .  Mur  itstfstlal 
analysis,  tills  nodal  nssds  to  bs  roducad  to  a  flaw  Indapawdast  pans stars, 
for  tte  following  mason*  In  statistical  analysis,  a  circuit  Is  analysed 
nany  tlnas,  each  tins  lotting  tho  varying  elenants  assuaa  randan  voloas 
according  to  tholr  proscribed  distributions,  firewaters  of  a  device 
usually  change  together  In  a  certain  nanner,  since  they  represent  Inter* 
related  physical  effects.  Choosing  such  pa roasters  randoaly  froa  their 
distributions  cm  give  rise  to  unrealistic  coablnatlons  of  nodal  paranetors, 
since  this  procedure  lapllcltly  assuaa*  that  no  Interrelationships  exist. 
Such  coablnatlons  will  not  represent  physical  effects  and  circuits  analyzed 
using  these  aodel  pareneters  nay  give  artsleadlng  results,  as  will  be  shewn 
later.  Therefore  It  Is  necessary  to  find  a  set  of  Independent  paranetors 
froa  which  other  paranetors  am  calculated. 

The  transistors  used  In  the  test  circuit  am  characterised  In  terns 
of  their  Gunnel -Poon  aodel  paranetors.  The  nodel  pareneters  of  Interest 
'are  defined  In  F1g.4.9.6iwh1ch  shows  the  plot  of  collector  and  base 
currents  as  a  function  of  base-enltter  voltage  on  a  seal -log  scale. 

A  study  of  the  Gunnel -Poon  nodal  pareneters  using  the  statistical  Gits 
reduction  technique  of  factor  analysis  has  shown  that  the  saturation 
current  Is  control s  a  large  proportion  of  variance  of  the  asasumd  data 
[♦.59  ].  Therefore,  nodal  poraaatars  of  laportanee  to  the  circuit 
under  consideration,  am  expressed  In  terns  of  It  using  linear  re  gross  lea. 
These  equations  are  shown  below. 


fft  -  27.094  Is  ♦  22.48 
a  •  -0.093  X,  ♦  1.809 


Og  m  >31,095  If  ♦  920.999 
g^-  0.449  I,  ♦  1.994 

—  It  it  possible  to  use  the  circuit 

H.l.tlw  rnr>  t®  •'-«*  «’“•  **  ‘UW,t<C*’  *"’*•'* 

In  thro*  possible  ways.  Fig  .  4.9.12  shows  the  flow  chert  of  statistical 
•Mlysls,  highlighting  these  possibilities.  Fig.  4.9.99(a)  and  Ch)  shew 
this  paraMt or  tflfctlon  process  pictorial  ly.  where  •  sl^lt  cim  of 
gonnritlng  value*  of  two  paraMtars  Is  considered.  Figure  4.9.<9(t)  shwa 
thn  Matured  scatter  plot  of  forward  hate  rente  the  seterattea  carraot 
Ig.  Three  different  nays  of  accoeatlng  for  this  parameter  distrlbetloa 
are  Illustrated  In  F1g.4.9.9Jb.  In  worst  case  eaalyele  (*).  ***** 
values  are  shown  at  the  ■Inleea  or  aexlMm  and  palate  of  their  respectlte 
ranges  so  as  to  obtain  extreee  values  for  the  circuit  pertermane*.  Far 
Nonte  Carlo  slnulatlon  without  correlation  (HC  1).  values  of  parameters 
art  selected  fro.  their  distributions.  FOr  Nonte  Carlo  steulatlon  with 
correlation  (NC  2).  paraMtar  values  are  computed  ftem  the  IndepMdeat 
paraMtars.  For  the  simple  case  shewn  la  Fig  .4.9.9*  FNflN  Is  oeasl dared 
Independent  paraMtar ,  for  example,  end  MM  2  Is  calculated  tea  the 
values  of  M9M  1. 


4.9.4  hesults  and  Macuesloa 

The  «ritter*coup1ed  logic  pte  is  slwlcted  ter  the  three  ceei 

shown  in  Fig  .4. 9.93.  The  first  step  Is  to  aaalyae  the  ctetertt  ueder 

case  conditions  to  check  If  the  parte  wanes  rcaalas  within  dtelred 

ter  the  circuit  under  consideration,  when  the  input  It  9  f«  the  ed 

voltage  will  have  Halting  values  under  tell  awing  caadlttMe*  *9 
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and  Maxi  bub  values  of  the  paraaetars  are  obtained  froa  their  Measured  dis¬ 
tributions  and  the  circuit  Is  analyzed.  Resulting  output  voltage  and 
Input  current  are  also  shown  above.  The  circuit  behavior  In  either  case 
Is  far  froa  satisfactory,  the  expected  noalnal  value  of  the  output  voltage 
being  -200  mV.  The  perforaance  values  are  unreasonable  and  It  aay  he 
concluded  that  the  circuit  does  not  behave  as  desired. 

One  drawback  of  perforolng  the  worst  case  analysis  Is  that  It  only 
gives  Units  of  perforaance  but  It  does  not  give  any  idea  for  how  as ny 
circuits  on  a  wafer  will  these  perforaance  Halts  be  observed.  Therefore 
this  gives  an  overly  pesslalstic  picture  of  the  circuit.  In  reality* 
the  probability  of  occurrence  of  these  worst  case  conditions  aay  be 
very  saall. 

To  get  an  Idea  of  the  distributions  of  the  output  quantities, 
statistical  analysis  of  the  circuit  needs  to  be  perforaed.  Such  an 
analysis  .without  taking  Into  account  paraaeter  correlations  (NC  1)  Is 
perforaed  and  the  results  are  tabulated  In  Table  4.9.6.  Although  the 
spread  In  values  Is  less  than  that  obtained  froa  worst  case  analysis, 
they  still  do  not  coapare  well  with  the  Measured  results.  During  tills 
analysis,  all  device  paraaetars  are  chosen  Independently  froa  their 
respective  distributions. 

In  practice,  device  paraaetars  will  not  be  coapletely  Independent. 
Hence  their  Interdependence  aust  be  taken  Into  account.  The  reduced 


model  obtained  earlier  provides  an  easy  method  of  accounting  for  the 
Interaction  between  model  parameters.  Here  the  parameters  are  expressed 
In  terms  of  the  saturation  current  Is  using  linear  regression  equations. 

The  value  of  I$  is  chosen  from  its  distribution  and  remaining  para  iters 
are  computed  using  these  equations.  The  correlation  between  the  three  . 
epitaxial  results  is  also  taken  into  account  in  a  similar  manner.  Resistor 
REE  is  chosen  independently  from  its  distribution  and  RC1  and  RC  2  are 
computed  using  linear  regression  equations.  The  results  of  this  simulation 

are  also  summarized  in  Table  4.9.6.  The  spreads  in  the  two  performance 
quantities  are  less  than  those  obtained  without  correlations  (MC  1)  and 
they  are  much  closer  to  the  corresponding  measured  values. 

Thus,  following  important  observations  can  be  made  from  the  results 
of  this  simulation.  Circuit  simulation  using  nominal  or  typical  values 
does  not  provide  information  about  the  variation  in  circuit  performance 
that  will  be  observed  when  a  large  number  of  such  circuits  are  fabricated. 
Worst  case  analysis  is  a  simple  wa>  of  estimating  these  variations. 

But  the  results  of  this  type  of  analysis  are  often  too  pessimistic  and 
may  1  lad  to  unreasonable  conclusions  about  the  circuit  behavior.  There¬ 
fore,  statistical  analysis  Is  necessary  to  obtain  information  about  the 
distribution  of  circuit  performance.  The  importance  of  the  interdependence 
of  device  parameters  is  illustrated  by  performing  the  statistical  simu¬ 
lation  first  without  and  then  with  model  parameter  correlations.  It  is 
illustrated  that  by  accounting  for  this  Interdependence  using  simple 
linear  regression,  simulation  results  car  ae  obtained  which  compare  well 
with  the  measured  circuit  performance  distribution. 
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The  feature  Mcuury  la  a  pro«rai  far  performing  itottittal 
circuit  simulation  art  described.  A  computer  progrma  Is  IwiUpol  teat d 
on  thasa  considerations.  Tha  program  res  oa  mini-computer  and  am 
slmulata  NOS  and  bipolar  Integrated  circuits.  Tha  program  serves  tha 
naad  for  statistical  simulation  to  determine  tha  distributions  of  ctrarit 
outputs  dm  to  Input  paramatar  variations  such  as  component  tolerances, 
aging  and  tempera turn  affects. 

Tha  performance  of  an  example  circuit  Is  simulated  using  this  program. 
Tha  worst  case  analysis  Is  show  to  give  large  and  unrealistic  variations 


In  circuit  parfermanca.  Simulations  making  use  of  parameter  distributions 
give  substantially  better  results.  By  properly  considering  parameter 
correlations,  a  realistic  simulation  results  which  agrees  with  tha  man'  ired 
circuit  performance.  This  Indicates  the  usefulness  of  statistical  simula¬ 
tion  and  the  Improvements  achieved  by  accounting  for  the  physical  correlations 
between  various  device  parameters. 
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Figure  4.9.57  Flow  chert  of  th«  ftonto  Carlo  ftethotf 
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Figure  4.9.61  Gummel-Poon  model  (Parameter  definitions  In  terms  of  collector  and  base 
currents  as  a  function  of  base-emitter  voltage. 
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Rasul ts  of  statistical  simulation  with  and  without 
nodal  pa ran star  corral atlons. 
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